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ABSTRACT 

Within each of the major valleys east of the Continental Divide in Rocky Mountain National Park, 
Colorado, similar associations of glacial land forms are repeated. 

The character and pattern of distribution of moraines, terrace remnants of valley trains, and ice-eroded 
upper-valley forms are presented as evidence that glaciers occupied these valleys during at least three stages. 

All observed glacial land forms lie within well-developed valleys, and no evidence was found that glaciers 
had extended as far east as Estes Park. Nor was any evidence found of a very early and extensive glaciation 
corresponding to the Prairie Divide? and Tungsten Mountain (pre-Wisconsin) tills recognized on the high in- 


tervalley divides just north and south of Rocky Mountain National! Park. 


INTRODUCTION 

The existence of well-developed gla- 
cial land forms in the mountain valleys 
of what is now the Rocky Mountain Na- 
jonal Park area was long ago recog- 
nized, but their detailed mapping and in- 
erpretation have not received the at- 
ention that might have been expected 
or an area so well known. Field study in 
he Park east of the Continental Divide 

* The authors of this paper began their field stud- 
és in Rocky Mountain National Park independent- 
Wy in 1934. Each worked intermittently for several 
fears before learning of their duplication of effort. 
he fact, however, that they independently reached 
sentially the same major conclusions perhaps adds 
ausibility to the findings here presented. Mr. 
juam is almost entirely responsible for the investi- 
ation of the higher areas reached only by vigorous 
imbing. 

Louis L. Ray, “Glacial Chronology of the 
buthern Rocky Mountains,” Bull. Geol. Soc. Amer., 
fol. LI (1940), pp. 1851-1918. 


by the authors of this paper has resulted 
in (1) fairly detailed mapping of mo- 
raines and valley-train terrace remnants, 
(2) definite recognition of moraines of at 
least three glacial stages, and (3) the 
conclusion that Estes Park, Tahosa Val- 
ley, and certain other valleys, believed 
by some earlier investigators to be gla- 
cial in origin, lie well beyond the maxi- 
mum extent of the ancient glaciers. 

Within each of several valley systems 
in Rocky Mountain National Park 
(Fig. 2) similar glacial land forms are 
repeated. In this paper these glacial land 
forms will be treated, first, systematical- 
ly under the categories of moraines, val- 
ley-train terrace remnants, and _ice- 
eroded forms; second, by areal associa- 
tions in each of the valley systems in- 
volved. 
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SYSTEMATIC ANALYSIS OF GLACIAL 
LAND FORMS 
MORAINES 

The moraines may be grouped into 
three categories on the basis of position, 
weathering of materials, and assumed 
age: (1) Old Moraine Remnants, belong- 
ing to the first and earliest stage of gla- 
ciation here recognized; (2) Park Border 
Moraines, belonging to the second stage 
of glaciation; and (3) Upper Valley Mo- 
raines, belonging to the third and young- 
est glacial stage here distinguished. 


o 
106 W 





ROCKY 
MOUNTAIN 
NATIONAL 
PARK 





DENVER 














rO 


50 100 
MILES 


Fic. 1 





Old Moraine Remnants.—Frontal mo- 
raines of the oldest stage are located on 
the downstream borders of the high and 
conspicuous Park Border Moraines 
(Figs. 3 and 4), but in many places they 
have been overridden by the latter. Lat- 
eral moraines of the oldest stage are 
perched on rock benches which are as 
much as 1,000 feet above the present val- 
ley floors and some 500 feet above de- 
posits of the next younger stage. At the 
terminal end of the glaciated valleys, 
where erosion by the later glaciers was 
less active, the Old Moraine Remnants 
are but slightly above the present valley 
floor. 
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Old Moraine Remnants are present in 
association with younger moraines in all 
the major valleys on the east side of the 
range in Rocky Mountain National 
Park. They also constitute the only mo- 
raines in some minor valleys that do not 
head at high enough elevation to have 
been glaciated during the later stages of 
ice advance. 

The Old Moraine Remnants nowhere 
form high ridges; and in all cases they 
appear to have been considerably weath- 
ered, and perhaps eroded, since their 
deposition. In some valleys the old till 
deposits have been terraced by the 
streams, and in places they are covered 
by younger outwash. A large proportion 
of the boulders in this old till are so 
thoroughly weathered that they can 
be crumbled in one’s hands. There are, 
however, some boulders which display 
very little weathering. 

A mature gray-brown podzolic soil 
profile is revealed by numerous cuts in | 
the Old Moraine Remnants.* This soil 
profile occurs under a variety of condi- 
tions of slope and exposure. Thus, ma- 
turity of soil-profile development on the 
Old Moraine Remnants, in contrast with 
the lack of a well-developed soil profile J |) 
on moraines of younger age, appears to 
represent difference in age of moraines 
rather than some local conditions of soil- 
profile formation. This development in 
soil profiles was sufficiently distinct and 
of such general occurrence on the old 
moraines that it proved very valuable 
in mapping and correlating moraines 
(Fig. 5). 

3 This feature was first observed by the writers in 
the road cut where the Bear Lake Road swings 
around the east end of Bierstadt Ridge. This con- 
spicuous exposure has been nearly obliterated by 
the National Park Landscape Project. However, 
Park Naturalist Raymond Gregg has prevailed on 
the directors of this project to leave a small cut in an 


old moraine remnant exposed on the north side of 
Moraine Park. 


TS 





Fe 
ea 








nt in 
in all 
f the 
ional 
- Mo- 
9 not 
have 
es of 


vhere 
they 
eath- 
their 
1 till 

the 
vered 
rtion 
re $0 

can 

are, 
splay 


soil 
ts in 
; soil 
ondi- 
ma- 
1 the 
with 
rofile 
rs to 
aines 
soil- 
it in 
and 
- old 
table 


aines 


ters in 
swings 
s con- 
ed by 
wever, 
led on 
t in an 
ide of 




















GLACIAL BOUNDARIES EAST OF THE CONTINENTAL DIVIDE 
ROCKY MOUNTAIN NATIONAL PARK, COLORADO 
eae ee 
Legend 


———~ Erosional Boundory 
«oe Depositional Boundaries 


\ 
“6. 
A 











or 
re 


er psara 
ma = 








Fic. 


2 














220 WELLINGTON 

During a general reconnaissance study 
of glacial moraines in the Southern 
Rocky Mountains, Ray‘ visited this 
area and apparently recognized the old 
moraine on the north border of Bier- 
stadt Ridge (Fig. 2) as belonging to his 
Twin Lakes (W,) stage. He does not, 
however, identify on his map the Old 
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major valley involved, these moraines 
are typically composed of three concen- 
tric lateral ridges which terminate west- 
ward against rock-valley walls. 

The till in these moraines is conspicu- 
ously less weathered than that in the 
Old Moraine Remnants, and in its sur- 
face and subsurface horizons is charac- 
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FIG. 3. 


Moraine Remnants that lie below and 
outside the high Park Border Moraines, 
either near the junction of Glacier Creek 
and Thompson River or along Beaver 
Creek (Fig. 3) 

Park Border Moraines.—These high 
and conspicuous moraine ridges (Fig. 4) 
and their inclosed “parks” form the 
most prominent depositional glacial land 
forms of the area under study. In every 


4Ftn. 2 


(1940). 





Glacial deposits in Glacier Creek and upper Thompson River valley systems 


teristically gray rather than gray-brown 
in color. The outermost of the three 
morainal ridges is, perhaps, more weath- 
ered than the two inner ridges, showing 
a faintly developed gray-brown podzolic 
soil profile. Cuts in the two inner ridges 
showed the gray color of unweathered 
till throughout. The writers are inclined 
to believe that there is some considerable 
difference in age between the outer ridge 
and the two inner ridges; but in the ab- 
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sence of other concrete evidence of a 
separate ice advance, they choose to con- 
sider all the Park Border Moraines as 
deposits accumulated at the margins of 
a single, but fluctuating, ice advance. 

Upper Valley Moraines.—Within the 
park basins and in the valleys upstream 
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lieves that in certain other valleys of the 
Colorado Front Range similar moraines 
represent several stages of Wisconsin 
glaciation rather than one stage. 

East of the Continental Divide in 
Rocky Mountain National Park the mo- 
raines of this advance are best developed 
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Fic. 5.—Contrast in soil-profile development on Old Moraine Remnant (A) and Park Border Moraine 


(B). Road cut on Bear Lake Road. 


from them are numerous morainal ridges. 
The writers consider all these deposits 
as belonging to one glacial stage distinct- 
ly younger than that represented by the 
Park Border Moraines (Fig. 4). In con- 
trast to this view, Ronald L. Ives,’ as 
well as Kirk Bryan and L. L. Ray,° be- 


in Glacier Basin. Near Sprague’s Lodge 
is a high lateral moraine which swings 

‘Glacial Geology of Monarch Valley, Colo- 
rado,” Bull. Geol. Soc. Amer., Vol. XLTX (1938), pp- 
1045-60. 

6 “Geology of the Lindenmeier Site, Colorado,” 
Smithsonian Misc. Coll., Vol. XCIX, No. 2 (1940), 
pp. 1-76. 
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northward into a terminal moraine that 
is cut through by Glacier Creek (Fig. 3, 


3, near two small lakes below word 
“Creek”’). The relationship of this mo- 
rine to glaciated rock benches in the 
upper valley suggests deepening of the 
valley between the Park Border advance 
and the Upper Valley stage. Up-valley 
from this moraine are at least five reces- 
sonal morainal ridges, presumably of 
the same stage (Fig. 3). 


Moraines of the Upper Valley stage, 
ilthough not so conspicuously displayed 
in the other valleys as in Glacier Basin, 
are mapable features of the glacial land 
iorms in every major valley. They should 
receive more attention than previous 
workers or the authors of this paper have 
devoted to them. 


VALLEY-TRAIN TERRACE REMNANTS 


Much less conspicuous features than 
the three morainic systems are three 
ries of valley-train terrace remnants 
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down-valley from the moraines. These 
terrace remnants (Figs. 4 and 6) extend 
down the Big Thompson and other val- 
leys to the piedmont plains east of the 
Rockies, well beyond the limits of Rocky 
Mountain National Park. These discon- 
tinuous terraces are erosion remnants of 
valley-train flats, the surfaces of valley 
fills deposited by streams flowing out 
from the melting lower ends of the an- 
cient glaciers. 





Fic. 6.—Three levels of valley-train terrace remnants at Cedar Cove, Thompson Canyon 


The surfaces of the lowest series of 
terrace remnants are about 6 feet above 
the present stream at low water. They 
are, for the most part, imperfectly 
drained; and they support a growth of 
meadow grass. These low terraces are 
much more extensive in area than are 
the middle or the high-level terraces. The 
middle series of terrace surfaces are 25- 
35 feet above the stream. They are well 
drained and are covered with xerophytic 
grasses, various annuals, and in some 
places a scattered growth of pine. The 
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highest fluvio-glacial terrace remnants, 
45-50 feet above stream-level, are small- 
est in area and most widely separated 
one from another. Most of them are 
merely small patches of gravel clinging 
to valley walls or perched on the edges 
of rock-spur benches. 

The materials of these valley-train 
remnants consist of gravel, sand, cobbles, 
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worn. As a result of overloading of 
streams flowing from the lower ends of 
the ancient glaciers, material was de- 
posited by these streams throughout the 
canyons and out on the piedmont plains, 
With increased distance down-valley 
from the moraines the size and thickness 
of materials composing the valley-train 
deposits decrease. 





FIG. 7. 


and water-worn boulders. Boulders up 
to 5 feet in diameter are found on and in 
the terraces for a distance of half a mile 
or more downstream from the terminal 
moraines. In the vicinity of Estes Park 
Village, which is 3-4 miles below the 
terminal moraines, the maximum diam- 
eter of boulders in valley-train rem- 
nants is about 2 feet. The fluvio-glacial 
deposits are roughly stratified, and the 
constituent materials are well water- 





Glacial benches and moraines in Glacier Basin. Photo by Ives 


Correlation of terrace levels is com- 
plicated by the fact that in narrow por- 
tions of the canyons the streams have 
removed all traces of the valley-train 
fill. In broad, protected places, however, 
the terraces are well developed. Locally, 
as at Cedar Cove in Thompson Canyon, 
20 miles below Estes Park Village, all 
these levels of the terraces are recog- 
nizable (Fig. 7). 

Rock-spur benches, or ‘‘berms,’’ are 
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present in all the canyons of the Front 
Range, regardless of whether the valleys 
were ever glaciated or not. In Thompson 
Canyon (Fig. 6) at least three such levels 
can be recognized above the highest val- 
ley-train terrace remnants. Locally these 
spurs are capped with cobbles and 
boulders, which have been considered 
by other workers as glacial or outwash 
deposits.’? The authors of this paper re- 
gard these spur-levels as remnants of 
former floors of stream valley, repeatedly 
rejuvenated in preglacial times. 


LAND FORMS OF GLACIAL EROSION 

Upper valleys east of the Continental 
Divide in Rocky Mountain National 
Park display the grandest of the Park’s 
mountain scenery. These valleys un- 
doubtedly would have been scenically 
striking had they never been glaciated, 
but the ancient glaciers of at least three 
stages made a strong imprint on the land 
forms of the high mountain zone of the 
Front Range. Most loose material in 
these upper valleys was scoured out, and 
the bedrock was eroded into a character- 
istic association of forms—U-shaped 
gorges that head in cirques, tarn lakes 
cyclopean stairs, roches moutonnées, and 
hanging tributary valleys. Numerous 
complex ice-erosional features substan- 
tiate the theory of multiple glaciation 
that has been evolved to explain the mo- 
raines and valley-train terrace remnants 
down-valley. 

Glaciated rock benches.—Three levels 
of glacier-carved rock benches are dis- 
cernible in nearly all the major valleys 
and are thought to represent the valley 
floors of the successive glacial advances. 
The relationship of the lateral moraines 
to these benches is a significant point of 
evidence on which the theory of three 


7M. B. Fuller, “The Physiographic Develop- 
ment of the Big Thompson River Valley in Colo- 
trado,” Jour. Geol., Vol. XX XI (1923), p. 130. 
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distinct glacial advances within the 
major valleys is based. Lateral moraines 
of the Old Moraine Remnants lie on the 
highest rock bench, those of the Park 
Border advance lie on the middle rock 
bench, and Upper Valley Moraines lie on 
the broad floor of the valleys below 
which postglacial streams have locally 
cut.narrow canyons (Fig. 4). 

Tandem and multiple cirques.—The 
high cirques of the area are likewise com- 
plex. They consist of two general types— 
tandem cirques and multiple cirques. 

Tandem cirques are two or more 
cirques at different elevations situated 
at or near the valley heads in a back-to- 
front arrangement. They are thought to 
have been formed by separate ice ad- 
vances—the lower cirque by an early ad- 
vance, the higher cirque by a later ad- 
vance. The older cirque is thus at a lower 
elevation and farther down the valley 
than the one more recently formed. Some 
notable examples of tandem cirques may 
be seen on the Rocky Mountain Nation- 
al Park Topographic Map: Crystal and 
Lawn lakes in Roaring River Valley 
(T.6N., R. 74 W., Secs. 23 and 24) and 
Pipit and Blue Bird lakes in the North 
St. Vrain Creek (T. 3 N., R. 74 W., Sec. 
27). The lower members of these and 
other tandem cirques are thought to have 
been the collecting areas of the older 
glaciers. In general, they lie at an eleva- 
tion of 11,000 feet and thus correspond 
in elevation to the simple cirques at the 
heads of the minor valleys which were 
glaciated only by the earlier ice advance. 

Many of the complex cirques are mul- 
tiple, rather than tandem, in character, 
consisting of a large cirque with small 
cirques developed in its edges. Sky Pond, 
at the head of Loch Vale (T.4N., R. 
74 W., Sec. 27), is a good example. One 
of the small cirques on the ridge above 
this lake still contains Taylor Glacier, 
a small cliff glacier. It is thought that 
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multiple cirques were developed during 
the latest advance of ice. Several of these 
small cirques formed on the rim of a 
great cirque; as the glacier therefrom 
moved down-valley, it carved a narrow 
gorge within the valley floor. Such a 
feature is well displayed in the upper end 
of Spruce Canyon (T.4N., R. 74 W., 
Sec. 6), as well as in numerous other.val- 
ley heads in Rocky Mountain National 
Park. 


PATTERN OF AREAL DISTRIBUTION 
OF GLACIAL LAND FORMS 


MAJOR VALLEY ASSOCIATIONS 


Each of the major valleys in the area 
possesses an association of glacial land 
forms similar to that in the other valleys. 
Pleistocene glaciers formed at the heads 
of these valleys and extended down them 
to an elevation of approximately 8,000 
feet. As a result of the work of these an- 
cient glaciers, present-day valleys char- 
acteristically display: (1) a series of 
cirques near the crest of the range; (2) ice- 
gouged gorges extending from the cirques 
a considerable distance down-valley; 
(3) broad, flat-floored “park” basins 
bordered with morainal ridges still far- 
ther down-valley; and (4) terraced rem- 
nants of valley trains extending along 
the major streams, beyond the limits of 
glaciation and eastward beyond the 
mountains onto the Colorado piedmont. 
Five major valleys included in this study 
display this characteristic pattern of 
distribution of glacial land forms (Fig. 
2)—the valleys of North St. Vrain 
Creek, Glacier Creek, Thompson River, 
Fall River, and North Fork of Thompson 
River.® 

8 These valleys, and many other features men- 
tioned hereafter, are well shown on the Rocky 


Mountain National Park, Colorado, quadrangle, 
issued by U.S. Geological Survey. 
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North St. Vrain.—The upper part of 
the valley system of North St. Vrain 
Creek is known as “Wild Basin” (Fig, 
2). At least a dozen cirques between 
Ogalalla Peak and Longs Peak fed ice 
into the valleys of this basin. From these 
cirques rugged, steep-walled gorges con- 
verge into the valley of the North St. 
Vrain in an irregular dendritic pattern. 
In each of the tributaries, gorges, rapids, 
and waterfalls are very common; and 
every gorge has a series of lakes along its 
course. Most of the lakes in these upper 
valleys are in rock basins; but moraine 
ridges hold up Finch, Ouzel, and Eagle, 
as well as some minor unnamed lakes 
near the heads of the gorges. 

Terminal or end moraines of the Up- 
per Valley stage are lacking in the North 
St. Vrain; but low, lateral ridges at the 
inside base of the high Park Border Mo- 
raines indicate that the glaciers of the 
third substage descended to an elevation 
of about 8,500 feet. The Park Border 
Moraines consist of three high ridges 
that cross the stream east of the Peak- 
to-Peak Highway at elevations of 8,100- 
8,200 feet. Moraines of the first, or old- 
est, stage of glaciation are well preserved 
on the south side of the valley, where 
they are spread over a flat area between 
the North St. Vrain and Fox Creek (in 
Secs. 23 and 24 of T.3N., R. 73 W., 
Rocky Mountain quadrangle). 

Glacier Creek.—Four rugged, steep- 
walled gorges (Figs. 2 and 3)—Glacier 
Gorge, Loch Vale, Chaos Canyon, and 
Tyndall Gorge—converge at Glacier 
Gorge Junction, below which lies the 
broad valley of Glacier Basin. At or near 
their junction each of the gorges de- 
scends over a steep cliff, or cyclopean 
stair, at the base of which is a prominent 
recessional moraine. Other rock stairs 
are found in the upper reaches of the 
gorges, and many rock-basin and mo- 
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raine-blocked lakes interrupt the drain- 
age. 

Below Glacier Gorge Junction the 
valley is broad and is bordered by high 
lateral moraines (Fig. 7). The outermost 
of three Park Border Moraines is crossed 
by the stream at an elevation of 8,400 
feet. The terminal moraine of the Upper 
Valley stage is at 8,600 feet and is sepa- 
rated from the Park Border Moraines 
by a broad valley-train flat, on which the 
Glacier Basin camp ground is located. 

No terminal moraine of the first or 
oldest stage is present in this valley, but 
old lateral moraines are found on both 
sides of the valley (Fig. 3). On the south 
side, lateral moraines of all three glacial 
stages occur in the following relation- 
ship: the Upper Valley Moraines lie on 
the edge of the valley floor, the Park 
Border Moraines are on the edge of 2 
rock bench 400 feet above the floor, and 
the old moraine of the first stage is on a 
terrace about 300 feet higher (Fig. 7). 

Thompson River—Thompson River 
Valley has been glaciated from its head 
in Forest Canyon to the junction with 
Wind River, a distance of more than 15 
miles (Fig. 3). Five tributary glacial 
gorges from the Continental Divide— 
Fern Creek, Spruce Canyon, Hayden 
Creek, The Gorge, and an unnamed 
gorge northwest of The Gorge—drain 
into Forest Canyon. Within these tribu- 
tary gorges are glaciated rock benches, 
rock-basin and moraine-dammed lakes, 
cyclopean stairs, and other features simi- 
lar to those in the gorges already de- 
scribed. Three distinct moraines are 
found in Forest Canyon. On the south 
side of the canyon there is a marked rock 
terrace 500 feet above the valley floor. 
Between Gorge Lakes and Hayden Creek 
an old moraine lies against the valley 
wall 200 feet above the terrace. On the 
streamward edge of the terrace, and 
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separated from the old moraine by a 
broad fosse containing a lake and several 
ponds, stands a high-crested Park Bor- 
der Moraine. The Upper Valley deposits 
flank the inner valley, lying against the 
slope of the terrace about 75 feet above 
the present stream but several hundred 
feet below the Park Border Moraine. 

The easternmost extension of Upper 
Valley deposits in Moraine Park is diffi- 
cult to discern because this part of the 
valley has been filled with outwash and 
lake deposits. However, low, lateral mo- 
raines swing toward the stream in the 
western end of the park, indicating that 
the ice of this stage barely extended into 
Moraine Park. 

The Park Border terminal moraine is 
piled against Eagle Mountain at the 
eastern end of Moraine Park. The south 
lateral forms a straight east-west high 
ridge along the border of the valley; the 
north lateral lies north of the valley 
divide in Beaver Park. 

Old Moraine Remnants lie outside 
the Park Border Moraines north-and- 
south of this valley. The north lateral 
forms a low ridge in- Beaver Park; the 
south lateral lies beyond Glacier Creek 
on the terrace of the Y.M.C.A. Confer- 
ence Grounds. The terminal moraine of 
this old or first stage originally crossed 
the stream at Wind River Junction, but 
it has been almost entirely removed by 
erosion. A small remnant is found on a 
terrace 50 feet above the stream on the 
southeast side of Eagle Mountain. The 
oldest glacier in this valley thus extended 
down to an elevation of 7,820 feet. 

Fall River —Fall River heads not at 
the Continental Divide but at Fall 
River Pass, between Trail Ridge and 
the Mummy Range (Fig. 2). It receives 
tributary drainage from both ranges, 
but more from the Mummy Range. 
Straighter than any of the valleys 
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thus far described, except Forest Can- 
yon, the trunk valley of Fall River is, 
throughout most of its length, a deep 
gorge; and its tributaries are hanging 
valleys. Its average gradient is 350 feet 
per mile, but there are three stretches of 
low gradient and four of much steeper. 
From the head cirque to Willow Park 
(where ‘“‘Ranger Station” is shown on 
the Rocky Mountain National Park 
quadrangle) the gradient is 800 feet per 
mile; but Willow Park, a broad moraine- 
filled section, has a slope of only 200 feet 
per mile. The gradient steepens again 
down-valley, and elevation decreases goo 
feet in a distance of little more than 
a mile. A lower gradient of 300 feet per 
mile thence prevails to Chasm Falls, 
where the stream plunges over a steep 
granite cliff before entering the upper 
part of Endovalley and Horseshoe Park, 
where the slope is but 100 feet per mile. 
The last stretch of steep gradient is the 
drop over the terminal moraines of 
Horseshoe Park into Hondius Park, 
whence power is derived for the Estes 
Park hydroelectric plant. 

In general, the stretches of lower gra- 
dient are broader than the steep sections 
and have a moraine or till cover over the 
bedrock of the valley floor. The steep 
sections of the upper valley are notched 
by postglacial (or subglacial) stream-cut 
canyons. 

The lower limit of moraines of the 
Upper Valley stage is not clearly ascer- 
tainable, but low, lateral ridges extend- 
ing to the upper end of Horseshoe Park 
indicate that the last ice advanced to 
that point. The Park Border Moraines 
form three ridges, enclosing Horseshoe 
Park. Old moraines of the first glacial 
stage enclose Hondius Park at an eleva- 
tion of 7,900 feet (Fig. 4). 

The main tributary of Fall River is 
Roaring River, which heads in a series of 
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cirques on the southeast side of Mummy 
Range. Its principal stream heads in a 
symmetrical cirque containing Crystal 
Lake. Below that lake the valley is 
steep and rugged and descends by a steep 
cliff to a lower cirque at Lawn Lake. The 
Crystal Lake and Lawn Lake cirques, 
together, constitute a tandem cirque, as 
previously explained. Below Lawn Lake 
a broad moraine-covered valley extends 
southeastward for nearly half a mile and 
then turns southward. At this turn is a 
cliff 400 feet high, below which the val- 
ley gradient is about 250 feet per mile. 
Two distinct recessional moraines cross 
the valley—one at the base of the cliff 
and the other about a mile farther down 
the valley. 

Where Roaring River and the gorge 
from Ypsilon Lake unite, a cliff is formed 
in both valleys, below and beyond which 
a broad valley of low gradient extends 
southward to Horseshoe Park. There the 
stream descends over a 500-foot cliff in 
a series of rapids known collectively as 
“Horseshoe Falls.” 

Horseshoe Park (Fig. 8) is the mo- 
raine-rimmed terminal basin of the Park 
Border glacial advance. Three frontal 
morainal ridges enclose it on the east. 
The outer and highest of these ridges 
crosses Fall River at an elevation of 
8,200 feet. The floor of Horseshoe Park, 
a mile wide and 3 miles long, has been 
built up by deposition of ground mo- 
raine, outwash, and lake sediments be- 
hind frontal moraines. It is covered with 
meadow grass, and a dense growth of 
willows marks the meandering course 
of the present stream (foreground of 
Fig. 8). 

There is almost no evidence of post- 
glacial erosion in Horseshoe Park, and 
many sections are poorly drained. Sheep 
Lake, in its northwest corner, seems to 
be a shallow kettle hole. Stratified clay 
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and sands with delta cross-bedding in a 
gravel pit across the valley from this 
lake indicate that other and larger lakes 
once existed. The flatness of the park 
floor and the absence of boulders thereon 
suggest, although they do not prove, 
that a large lake may have filled the en- 
tire park during the period of glacial 
melting and before the outlet stream had 
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through the moraine being where the 
moraine lies close against the valley wall. 
East of this cut the moraine swings away 
from the valley wall, forming another 
“hidden valley,” which, however, con- 
tains no stream. 

The north lateral moraine lies against 
a narrow granite spur jutting southeast- 
ward from Bighorn Mountain. The mo- 





Fic. 8. 
blocks a former tributary of Fall River to form Hidden Valley. Photo by Colorado State Highway Commis- 


sion. 


cut through the terminal moraines to 
drain this lake. 

Figure 8 shows the south lateral mo- 
raine of Horseshoe Park, with Hidden 
Valley just beyond it. This moraine is 
perched on a rock terrace and blocks the 
mouth of a former tributary valley of 
Fall River, causing its stream to flow 
parallel to, but outside, the moraine for 
a mile before it cuts through the mo- 
raine to join the main stream, this cut 





Aerial view across Horseshoe Park and Trail Ridge. The high Park Border lateral moraine 


raine extends westward to the mouth of 
Roaring River, where it unites with the 
east lateral of this tributary valley. At 
this point the base of the moraine is 
about 500 feet above the floor of Horse- 
shoe Park. Another lateral moraine, 
thought to belong to a later stage of gla- 
ciation, borders Horseshoe Park at the 
base of the rock cliff of Horseshoe Falls. 

Piracy by Roaring River of the former 
head of Black Canyon, which now con- 
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tains Lawn Lake, is discussed in the 
paragraph below on Black Canyon. 

North Fork of Thompson.—The North 
Fork displays evidences of glaciation 
from its head at Rowe Glacier on the 
northeast side of Hagues Peak (Fig. 2) 

Dunraven Park (8,600 feet), a dis- 
tance of 73 miles. Since no large tribu- 
taries enter the valley, its pattern of 
glacial land forms is much simpler than 
that of the other major valleys. 

Old moraines, flanking the valley near 
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FIG. 9. 
rado State Highway Commission. 


the upper end of Dunraven Park, lie on 
a well-defined terrace 35 feet above the 
present stream level. A few rods up- 
stream, terminal moraines of the Park 
Border stage cross the stream at an ele- 
vation of 8,700 feet. These moraines 
form a compound ridge of three crests, 
through which the stream has cut a 
steep channel. 

The south lateral moraine also has 
three crests, the innermost of which 
rises 100 feet above the floor of the val- 
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Aerial view looking northwest across Estes Park and Mummy Range. 


ley. Between this compound lateral mo- 
raine and the valley wall is a fosse, or 
trench, 100 yards wide. The north lat- 
eral moraine lies against the valley wall 
on a rock bench 200 feet above the val- 
ley floor. The upper limit of moraine on 
this side of the valley is 300 feet above 
the floor of the valley. Apparently, 


where the glacier was confined against 
the valley wall, its depositing edge was 
much higher than where it lay on the 
open valley floor or on a terrace. 





Photo courtesy of Colo- 


Between the lateral morainal ridges is 
a flat-floored valley which extends about 
2 miles above the terminal moraine to an 
elevation of 9,700 feet. For nearly a mile 
above this point the valley is steep and 
narrow, and it shows little effect of the 


ice that must have passed through it.’ 


Above this restriction in the valley lie 
the terminal moraines of the Upper Val- 
ley stage, consisting of two ridges en- 
closing a broad flat basin. Two recession- 
al ridges of the Upper Valley stage cross 
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the upper valley—one at 10,400 feet ele- 
vation, the other just below Lost Lake, 
at 10,800 feet. Small moraines made up 
of angular debris are found on the ice- 
scoured rock floor extending from Lost 
Lake to the head of the cirque. A very 
prominent moraine of angular boulders 
encloses a small lake at the foot of Rowe 
Glacier. 
MINOR VALLEY ASSOCIATIONS 

Five small valleys in the area studied 
display evidences of having been gla- 
ciated at one or more stages. 

Roaring Creek.—On the east side of 
Longs Peak (Fig. 2) this small valley, 
which heads at an elevation of about 
12,500 feet, possesses moraines of all 
three glacial stages. The old moraines of 
the first stage of glaciation extend down 
to 8,600 feet, where they are crossed by 
the Peak-to-Peak Highway. The termi- 
nal moraine of the second, or Park Bor- 
der, stage forms a distinct ridge, known 
as ‘“Mills Moraine,” which is crossed by 
the stream at an elevation of 8,700 feet. 
The terminal moraine of the third, or 
Upper Valley, stage encloses a small lake 
at 9,300 feet. Numerous small recession- 
al moraines occupy the upper part of 
this valley above this terminal moraine. 

Mill Creek.—Situated north of Bier- 
stadt Lake, Mill Creek contains much 
morainal material (Fig. 3). The terminal 
loop, at 9,100 feet elevation, possesses a 
gray-brown soil profile characteristic of 
the older moraine remnants of the first 
glacial stage. In the upper part of the 
valley, however, at an elevation of 9,800 
feet, moraines are distinctly younger in 
appearance than those which lie in the 
lower part of the valley. It is assumed 
that these younger-appearing deposits be- 
long to the second, or Park Border, stage. 
It is further assumed that the cirque in 
which the Mill Creek glacier originated 
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during the first and second stages of glaci- 
ation is the one (Fig. 3, just northwest of 
F in Flattop Mountain) between Flattop 
and Notchtop mountains, since it lines 
up perfectly with the lower part of the 
valley. During the third stage of glacia- 
tion, however, it appears that the ice 
from this cirque moved northward into 
Odessa Gorge in which lies Fern Lake, 
(Fig. 3). A low divide now separates the 
truncated head of Mill Creek from Odes- 
sa Gorge; Two Rivers Lake, which lies 
on this col, drains into both valleys. A 
slight ridge (lateral moraine?) of angular 
morainic material marks the course of 
this last ice advance into Odessa Gorge, 
and there is no evidence that ice entered 
Mill Creek during this stage. 

Black Canyon.—During the first stage 
of glaciation the head of this valley (Fig. 
3, northwest of Estes Park) appears to 
have been the cirque just northwest and 
above Lawn Lake. Deposits of old mo- 
raine remnants in Black Canyon extend 
down to 9,000 feet elevation. There is no 
definite terminal or end moraine at this 
point, but the stream there descends in 
a series of rapids over a mass of boulders. 
Just below this point the stream flows 
through a narrow canyon for about } 
mile; this canyon opens into a broad re- 
entrant of Estes Park. During the sec- 
ond, or Park Border, stage of glaciation 
the ice from the Crystal Lake—Lawn 
Lake high valley moved southward via 
the valley of Roaring River and de- 
posited its lateral moraine across the col 
at the present head of Black Canyon. 
Careful field investigation by the authors 
of this paper yielded no evidence to sup- 
port the theory that a glacier moved 
through Black Canyon and on southeast 
across Estes Park into Crocker Valley.? 


9M. B. Fuller, “Early Quateric Drainage Diver- 
sion around Mount Olympus, Colorado,” Pan Amer. 
Geol., Vol. XLIII (1925), pp. 51-54. 
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Cow Creek.—Heading on the south 
slope of Mummy Mountain at an eleva- 
tion of 11,000 feet, Cow Creek Valley 
(Fig. 2) shows evidence of glaciation 
from the shallow cirque at its head down 
to 9,500 feet elevation. No distinct mo- 
rainal ridges are present, but ground 
moraine covers the broad floor of the val- 
ley into which the creek has eroded a 
shallow channel. The bedrock of the en- 
tire drainage basin of this stream is 
granite, so that the morainic material 
does not show a variety of rock types 
such as is characteristic of most of the 
glaciated valleys of this region. 

West Creek.—The glacier that oc- 
cupied this valley (north of Cow Creek, 
Fig. 1) headed in a shallow cirque at 
11,000 feet elevation, whence it extended 
down to 9,300 feet, a distance of nearly 
2 miles. At its terminus is a small park, 
surrounded by morainal ridges which 
enclose two small lakes. The upper part 
of the valley is filled with a moraine of 
very angular boulders, and an inner mo- 
raine at the upper end of the small park 
(10,000 feet elevation) is also composed 
of large angular boulders with very:little 
fine material. Outside of these angular 
morainic materials is a double row of mo- 
raines with soil cover that supports a 
growth of trees. It may be that these 
various moraines represent deposits of 
all three glacial substages, but further 
study is required to settle this question. 
All the till in the valley of West Creek is 
tentatively mapped as belonging to the 
Old Moraine Remnants. 





ABSENCE OF GLACIAL LAND FORMS IN EXTEN- 
SIVE INTERVALLEY TRACTS, AND EAST OF 
GENERAL ZONE OF GLACIATION 

The boundaries of the glaciated area 
east of the Continental Divide in Rocky 
Mountain National Park are shown on 
Figure 1. No evidence of glaciation was 


found on the intervalley areas. How- 
ever, both north and south of the Park, 
and elsewhere in Colorado, high inter- 
valley till deposits have been reported. 

In the Nederland District south of the 
National Park, extensive deposits of 
what some students recognize as till 
occur on the intervalley ridge between 
Middle Boulder and South Boulder 
creeks. These deposits have been mapped 
as Oligocene high-terrace gravels by 
T. S. Lovering;’® but the subangular 
shape of the boulders, great assortment 
of rock types, and unstratified character 
of the boulders and clay suggest a glacial 
origin. E. E. Wahlstrom™ has reported 
another occurrence of glacial deposits on 
Niwot Ridge between North Boulder and 
Lefthand valleys. North of the National 
Park at Prairie Divide is an extensive 
deposit of glacial drift on the divide be- 
tween the North Fork of the Cache la 
Poudre and Lone Pine Creek.'? Whether 
these deposits are definitely older than 
the Old Moraine Remnants, or first gla- 
cial stage in the Rocky Mountain Na- 
tional Park, has not been determined. 
They have been correlated, along with 
other deposits of the Front Range, with 
the Cerro till of the San Juan area." 

It has been suggested that the “park” 
basin east of Estes Park Village was 
covered by this early Pleistocene ice ad- 
vance, and the borders of this glaciation 
have been mapped on the basis of so- 


10 T. S. Lovering and E. N. Goddard, ‘‘Geologic 
Map of the Front Range Mineral Belt, Colorado” 
(explanatory text), Proc. Colo. Sci. Soc., Vol. XIV 
(1938), Pp. 27. 

*“Audubon Albion Stock, Boulder County, 
Colorado,” Bull. Geol. Soc. Amer., Vol. LI (1940), 
p. 1792. 

12 P. 1256 of ftn. 2 (1940). 

"3W. W. Atwood and W. W. Atwood, Jr., 
“Opening of the Pleistocene in the Rocky Moun- 
tains of the United States,’ Jour. Geol., Vol. XLVI 
(1938), p. 246. 
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called ‘‘potholes.’”** No substantial evi- 
dence to support this idea was found by 
either of the authors of this paper, in 
spite of careful field exploration. It seems 
quite certain that Estes Park is pregla- 
cial in origin and has at no time been 
glaciated.'® The following objections to 
a glacial origin of Estes Park may be 
cited: (1) The shape of the park, though 
broad, is not that of a glaciated valley. 
(2) The park extends north and south, 
rather than in the west-to-east direction 
of the glacial valleys of this area. (3) No 
moraines or erratics are found in the 
park. (4) There are many highly weath- 
ered granite knobs within the park which 
a glacier presumably would have re- 
moved or reshaped. (5) The valleys ex- 
tending from Estes Park to the glaciated 
portions of the valley that drain into it 
show no evidence of glaciation. (6) The 
so-called “potholes,” on the basis of which 
the extent of the former presumed glacier 
was mapped, are adequately explained 
as a pitting in the granite of the sort 
found in many unglaciated areas." 


CORRELATION WITH GLACIAL STAGES 
ELSEWHERE IN THE ROCKY 
MOUNTAINS 

Evidence has been presented in the 
foregoing pages for the belief that during 
at least three stages glaciers occupied 
several of the valleys in Rocky Moun- 
tain National Park. Moraines afford the 
strongest evidence for this. Terraced 
remnants of valley trains offer much less 
evidence, but whatever evidence they 

'4 Fuller, “The Bearing of Some Remarkable 
Potholes on the Early Pleistocene Glaciation of the 
Front Range, Colorado,” Jour. Geol., Vol. XX XIII 
(1925), p. 224. 

SL. O. Quam, “Morphology of Landscape of 
Estes Park, Colorado” (thesis, Clark University, 
1938), p. 138. 

'©F, E. Matthes, “Geologic History of the 
Yosemite Valley,” U.S. Geol. Surv. Prof. Paper 
160 (1930), p. 63. 
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do afford fits well into the concept of 
three glacial stages. Ice-eroded forms of 
the upper valleys, although conspicuous 
landscape features, contribute the least 
conclusive evidence for multiple glacia- 
tion; and yet even those forms may be 
reasonably interpreted to add some sup- 
port to the theory of successive glacia- 
tions. 

Age correlation of glacial land forms 
in the several valleys included in this 
study rests almost exclusively on certain 
characteristics of the moraines, especially 
soil profiles, weathering of boulders,’ re- 
lief or surface configuration, and relative 
position. For most of the valleys in- 
volved, the amount of such evidence is 
ample for satisfactory valley-to-valley 
correlation. 

Glacial land forms have been reported 
in numerous valleys of the Southern 
Rocky Mountains, both north and south 
of Rocky Mountain National Park. It 
seems reasonable to assume that climatic 
conditions essentially similar to those 
which produced several glacial stages in 
Rocky Mountain National Park pre- 
vailed over the mountains for consider- 
able distances north and south of the 
Park. If this assumption is correct, it 
should not be difficult to correlate the 
moraines in the area discussed in this 
paper with those in the Rockies to the 
north and the south. 

Most of the published studies of gla- 
cial land forms in the Rockies make little 
or no attempt to correlate the moraines 
described and mapped with those else- 
where in the mountains, and there is no 
general agreement as to number of stages 
of glaciation. Early maps by L. G. West- 
gate,"7 E. S. Bastin and J. M. Hill," 

17 “The Twin Lakes Glaciated Area, Colorado,” 
Jour. Geol., Vol. XIII (1905), pp. 285-312. 


18 “Economic Geology of Gilpin County and 
Adjacent Parts of Clear Creek and Boulder Coun- 
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S. R. Capps,’® J. Henderson,”? W. D. 
Thornbury,” C. A. Morey,” and others 
distinguished glacial deposits of two 
stages. P. G. Worcester,?> W. W. At- 
wood and K. F. Mather,’ M. B. Ful- 
ler,5 C. H. Behre, Jr.,% and W. E. 
Powers’’ recognize three stages of glacia- 
tion. The recent studies of Ives and of 
Bryan and Ray assume five stages in 
the Wisconsin. It seems quite improb- 
able that there was, in fact, such a differ- 
ence from locality to locality as these 
various studies indicate. 

Ray has recently published the re- 
sults of an attempt at correlation that 
includes several localities in Colorado 
ties, Colorado,” U.S. Geol. Surv. Prof. Paper 04 
(1917), pp. 57-00. 

19 “Pleistocene Geology of the Leadville Quad- 
rangle, Colorado,” U.S. Geol. Surv. Bull. 386 (1909). 
Pp. 99. 

20 “Extinct and Existing Glaciers of Colorado,” 
Univ. of Colo. Studies, Vol. VIII (1910), p. 52. 

21 “Glaciation of the East Side of the Colorado 
Front Range between Longs Peak and James Peak,”’ 
Univ. of Colo. thesis (1928). 

22 “Glaciation in the Arapahoe and Albion Val- 
leys,’”’ Univ. of Colo. thesis (1927). 

23“‘The Geology of the Ward Region, Boulder 
County, Colorado,” Colo. Geol. Surv. Bull. 21 (1920). 
Pp. 74. 

24“Physiography and Quaternary Geology of 
the San Juan Mountains, Colorado,’ U.S. Geol. 
Surv. Prof. Paper 166 (1932). Pp. 176. 

*5 “The Physiographic Development of the Big 
Thompson River Valley in Colorado,” Jour. Geol., 
Vol. XXXI (1923), pp. 126-37. 

26 ““Physiographic History of the Upper Arkansas 
and Eagle Rivers, Colorado,” Jour. Geol., Vol. LI 
(1933), pp. 785-814. 

27 ““Physiographic History of the Upper Arkansas 
Valley and the Royal Gorge, Colorado,” Jour. Geol., 
Vol. LIIT (1935), pp. 184-99. 





and New Mexico.”* Working first with 
Bryan in the Cache la Poudre drainage 
basin, Ray recognized moraines of five 
Wisconsin glacial substages and of a pre- 
Wisconsin stage. In Rocky Mountain 
National Park he correlates the Park 
Border Moraines with his W, moraines. 
In only one locality (on Lake Bierstadt 
Ridge) in the Park did Ray recognize 
what the authors of this paper distin- 
guish as Old Moraine Remnants, and he 
very tentatively correlates this moraine 
with his W, moraines. Ray did not recog- 
nize any of the Upper Valley end mo- 
raines distinguished by the authors of 
this paper. On the other hand, he cor- 
relates what the authors believe to be 
merely recessional moraines of their Up- 
per Valley stage with his W,, W,, and 
W,; moraines. A one-day trip to Cache 
la Poudre by the authors of this paper 
led them to suspect that more field in- 
vestigation is necessary before Ray’s 
moraine correlations can be accepted as 
established. 

In connection with the eventual solu- 
tion of the question of the age of mo- 
raines in Rocky Mountain National 
Park it should be pointed out that all 
moraines so far recognized there lie with- 
in well-developed valleys and that no 
moraines or till have been found on the 
high intervalley divides. If there was an 
earlier and much more extensive glacia- 
tion in the Park, corresponding to that 
assumed by Bryan and Ray to have laid 
down what they describe as the ‘‘Prairie 
Divide till” (pre-Wisconsin), the authors 
of this paper found no evidences thereof. 


28 Pp. 1851-1918 of ftn. 2 (1940). 
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AN EARLY ORDOVICIAN SINKHOLE DEPOSIT OF VOLCANIC ASH 
AND FOSSILIFEROUS SEDIMENTS IN EAST TENNESSEE 


ROBERT A. LAURENCE 


Tennessee Valley Authority 


ABSTRACT 


Recent construction activities at Douglas Dam, in East Tennessee, have exposed a thick, local series of 
unusual volcanic ash beds and lagoon or pond sediments. The volcanics, very fine grained and highly po- 
tassic, are partly altered to bentonite. They are overlain by finely laminated shaly dolomites containing 
lenses of conglomerate with many types of well-rounded pebbles, which in turn are overlain by thin-bedded, 
slabby, greenish, fine crystalline dolomite beds with a few erratic boulders of dolomite. The deposit is about 
120 feet thick, roughly oval in plan, with dimensions about 40 by go feet, and is completely surrounded by 
dolomite beds of the Upper Beekmantown group. The boundary between the deposit and the dolomite has 
been sheared, and the adjacent dolomite below and to the north is brecciated. 

The laminated and conglomeratic beds yielded a fauna apparently not previously reported, including many 
carapaces of small merostomes, three entire specimens of a small phyllopod, fragments of other crustaceans, 
and undetermined trails. 

Apparently these deposits accumulated in a deep local depression, possibly a sinkhole similar to the ceno- 
tes of northern Yucatan. It is assumed that a volcanic vent not far to the east, now buried beneath younger 
sediments or the Blue Ridge overthrust mass, produced the ash deposits and that they are not widespread at 
this horizon because they were preserved only in this basin or in similar undiscovered ones. 

The age of this deposit cannot be determined conclusively, but it is the writer’s opinion that these sedi- 
ments accumulated during the post-Canadian, pre-Chazyan interval which is represented throughout most 
of this portion of the Appalachian Valley by a distinct hiatus. 


REGIONAL GEOLOGY flows through a narrower valley en- 
trenched in the dolomite. The upland on 
the south abutment is covered by a 
thick blanket of gravels and red silt, 
which possibly corresponds to the La- 
fayette gravels of the Lower Tennessee 
Valley. 

The stratigraphic column for the 
Douglas Dam region is given in Table 1. 
The deposits described in this paper are 
designated as the “33 formation” from 
their occurrence in the foundation of 
block 33 of Douglas Dam. The term 
“formation” is applied with hesitation 
because of the limited extent and un- 
certain stratigraphic relations of these 
beds. 

DESCRIPTION OF THE DEPOSIT 


Excavation for the south abutment of 
Douglas Dam, on French Broad River in 
Sevier County, Tennessee, during the 
summer of 1942, exposed a small de- 
posit of rocks whose lithologic, strati- 
graphic, structural, and paleontologic 
features are so unusual that the deposit 
is probably unique. 

Douglas Dam, built by the Tennessee 
Valley Authority, is approximately 8 
miles north of Sevierville, Tennessee 
(Fig. 1), and is built upon the dolomite 
beds of the Beekmantown group. These 
beds dip 15°-25° to the southeast, being 
on the northwest limb of a broad syn- 
cline whose central portion is occupied by 
the Athens and Sevier shales of the 
Blount group. The southeastern limb GENERAL DESCRIPTION 
has been partly overridden by the quartz- The beds referred to as the “33 forma- 
ites and slates of the Blue Ridge over- tion” are known to occur at only one 
thrust block. At Douglas Dam the river *P. P. Fox and Thomas West, unpublished 
leaves a wide valley in the shales and manuscript (1943). 
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locality, the south abutment of Douglas 
Dam, where they were covered by 8-40 
feet of terrace silt and gravel. They 
were unknown until an exploratory drill 
hole penetrated their full thickness in 
October, 1941. During excavation for 
the dam foundation in 1942, they were 
exposed and almost completely removed 
(Fig. 2). The small remaining portion is 
now entirely covered by the dam. 

The “33 beds” occur in a roughly 
oval-shaped deposit, go by 40 feet, with 
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so variable, even within short distances, 
that no individual section means much, 
and cores from closely spaced drill holes 
did not match in detail. Table 2 is a 
generalized section of the beds which 
constitute the ‘‘33 formation.” 

The dolomite adjacent to the “33 
beds” is of Upper Beekmantown age 
and probably belongs to the subdivision 
designated by C. R. L. Oder’? as the 
“Cotter-Powell” beds. A few specimens 
of Orospira and Ceratopea were collected 


TABLE 1 


STRATIGRAPHIC COLUMN FOR DOUGLAS DAM REGION 


Average 
System Group Formation Lithologic Type Thickness 
(Feet) 
Sevier Calcareous and sandy I ,000 
Blount ‘ shales 
Athens Black shale 800 
|Hiatus] 
‘ . Lenoir Slabby limestone 70-100 
Stones River Mosheim Vaughanitic limestone ‘© 40 
Ordovician [Hiatus] . . 
. “= Shaly dolomite and al o-120 
tered volcanics 
[Hiatus] 
“Post-Nittany”’ | Cherty dolomite and goo 
Beekmantown | ‘.:. limestone 
' Nittany Cherty dolomite 400 
| Chepultepec Cherty dolomite 600 
Cambrian | {Copper Ridge Cherty dolomite I, 300 
Nolichucky Shale and limestone 500 


the longer axis extending northeast- 
southwest about parallel to the regional 
strike (Fig. 3). The total thickness is 
approximately 120 feet, and there is no 
indication of the amount which may 
have been removed by erosion before the 
remainder was covered by the terrace 
deposits. Altitude of the top of the de- 
posit was 996 feet. It was excavated to 
881, exposing a nearly complete section, 
and many core-drill holes penetrated the 
bottom, whose elevation varied from 847 
to 870 (Fig. 4). 

The upper beds of this formation are 


from a bed approximately 300 feet be- 
low the base of the Lenoir limestone 
about 1oo feet north of the “33 beds.” 


ROCK TYPES PRESENT 

Unit A contains the first beds un- 
covered during excavation. They are 
thin, slabby beds of fine crystalline 
dolomite §-? inch thick, with green 
shaly partings between most of the beds. 
Slabs of this dolomite approximately 2 

2 “Preliminary Subdivision of the Knox Dolo- 
mite in East Tennessee,” Jour. Geol., Vol. XLII 
(1934), pp. 486-89. 











FIG. 2. 
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White volcanic rock (unit C-1) surrounded by dolomite. Looking southeast. (Photograph by 
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by 3 feet by } inch were easily broken 
out of the deposit, and the striking con- 
trast between this material and the 
adjacent thick beds of Beekmantown 
was Clearly shown in drill cores and in 
the excavation. 

These beds were finely laminated, and 
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all contained oscillation ripple marks 
with about 5~7 inches wave length and 
less than 0.2 inch height. Mud cracks and 
rill marks were present in some beds. Al- 
though a careful search of all available 
material was made, no fossils were found 
in unit A. 
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A curious feature of these upper beds 
was the presence of large, partly round 
erratic boulders of dolomite whose pres- 
ence is difficult to explain (Fig. 5). The 
finely laminated beds are slightly com- 
pressed under the boulders but are not 
otherwise disturbed as they should be if 
the boulders had fallen or rolled into 
their present position. The boulders are 
coated with a carbonaceous film and 
appear to have been derived from beds 
within the “33 formation” which were 
squeezed and compressed into over- 
turned asymmetrical folds before con- 


TABLE 2 


GENERALIZED SECTION OF “(33 FORMATION” 


Unit Description Feet 

Me. Thin-bedded, greenish-gray lami- 35 
nated fine crystalline dolomite 

B Laminated gray dolomite with 20 


black carbonaceous partings and 
thin beds and lenses of con- 
glomerate. Fossiliferous 

C-1 Blocky, gray and greenish-gray, 
very fine-graincd volcanic ash 
in beds 3-1 foot thick 

C-2 White siliceous, very fine-grained 40 
volcanic ash grading into green 
and gray types at borders of the 
deposit 


N 
mn 


solidation, the dolomite boulders later 
breaking along the curved carbonaceous 
partings. The ordinarily accepted meth- 
ods of rafting by ice or tree roots can 
hardly apply here, and their presence is 
an unexplained mystery. 

Unit B also contains thin slabby 
dolomite beds, but the partings are 
black and carbonaceous instead of green 
shaly material. The laminations are so 
straight and regular that a cross section 
of a bed looks as though the black lines 
had been drawn with a straight edge and 
ruling pen. In a typical sample, 35 inches 
thick, forty distinct black bands were 
counted. After a large piece of rock has 
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been exposed to weather a few weeks, it 
is a simple matter to split it into thin 
slabs with 2 square feet or more of sur- 
face area. 

Interbedded with these laminated 
beds are many conglomeratic beds and 
lenses, usually $-2 inches in thickness. 
The pebbles are usually subrounded, or 
flattened, and vary in size (diameter) 
from ;'; inch to 23 inches. There is a 
wide variety of lithologic types in these 
pebbles, including some which have not 
been found in the known rocks of this 
vicinity. Most abundant types are fine 
crystalline gray limestone (source not 
known), green and white pebbles de- 
rived from unit C, dolomite, and chert. 
Pebble-like grains of the normal type of 
Ordovician bentonite, a few of which 
show recognizable ash structure, 
present. A few pebbles of clear quartz 
have been found. Most of the chert 
found in this deposit is clearly detrital 
material. The conglomerate lenses are 
very discontinuous and apparently rep- 
resent very local deposition of material 
which has not been transported very far. 

Although most of the beds of this de- 
posit are evenly bedded, unit B_ con- 
tains some notable exceptions. One type 
contains crumpled beds between parallel 
black laminations (Fig. 6, A), resulting 
from pressure before complete consolida- 
tion. The other is cross-bedded, with 
banded conglomeratic beds inclined as 
much as 30° to overlying and underlying 
beds which are parallel (Fig. 6, B). Unit 
B contained the only fossiliferous beds 
of the formation. 

Unit C, the lowest of the formation, is 
composed of very fine-grained material 
which is wholly, or at least in large part, 
volcanic in origin. The upper beds are 
gray and greenish-gray and are underlain 
by a dense white rock which, upon 
casual examination of a small piece, 
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might be mistaken for chert. It grades 
into green and gray dense rock around 
the edges of the deposit, and long “fin- 
gers” of the white penetrate the green on 
the same bed along joints. This suggests 
leaching (Fig. 7). This white material has 
a maximum thickness of 44 feet and is 
the most conspicuous member of the 
formation. When the foundation was 
washed, preparatory to placing con- 
crete, the white rock shone like a new 


ORDOVICIAN SINKHOLE DEPOSIT OF VOLCANIC ASH, TENNESSEE 








241 


sharp contact. In the one exception the 
basal material consisted of 5 feet of green 
volcanic ash with fragments of dolomite 
up to several inches thick. This is the 
deepest point in the deposit, elevation 
of the bottom being 847 here. 

Because of the unusually high potash 
content and of the resemblance of the 
green material after exposure to known 
bentonites, it was concluded that this 
material might be of volcanic origin, 





FIG. 5. 


E. A. Finley.) 


piece of china. The white rock is but 
slightly affected by weathering, but the 
green disintegrates rapidly into small 
fragments which, when wet, can easily 
be chewed and which the workmen called 
“soapstone.” 

The beds of unit C are fine grained 
from bottom to top and from one end of 
the deposit to the other. There is almost 
no basal conglomerate or coarse frag- 
mentary material in this unit. The lower 
contact, resting upon brecciated dolo- 
mite, has been crossed by several core- 
drill holes, and in all but one it was a 





Slabby dolomite beds, unit A. Note erratic boulder of dolomite near hammer. (Photograph by 


and, accordingly, samples were sent to 
Dr. Clarence S. Ross, of the United 
States Geological Survey. He reported 
in part: 

The white material has a mean index of re- 
fraction of about 1.525 and was unaffected by 
acid treatment or by low red heat. The optical 
properties, together with the high K.,O, sug- 
gested potassic feldspar, so it was examined by 
X-ray, which indicated the presence of micro- 
cline and quartz. 

The white material is made up dominantly 
of interlocking, nearly equidimensional grains 
that are in part as small as 0.005 mm. in diame- 
ae However, there are other grains that 
are roughly euhedral in outline and may repre- 
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sent very small phenocrysts. The green material 
is made up of small rock grains or pellets en- 
closed in a matrix of clay material. The struc- 
ture of the pellets is similar to that of the white 
material. Most of the pellets are slightly 
rounded, but some are angular in outline, that 
is, they are typical lithic tuff fragments and are 
unusual only in the extreme fineness of grain. 
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Fic. 6, A.—Contorted laminations between un- 
disturbed beds, unit B. 


The clay material is similar in all its properties 
to those of the Ordovician bentonites, and, like 
them, it is characterized by essential amounts of 
potassium. Unlike the white material, the green 
contains no disseminated dolomite rhombs. 
The gray sample is similar to the white but less 
pure.3 


Dr. Ross further states: 


The presence of both clay and rock grains in- 
dicates that the original ash was largely lithic 
tuffs, but with a lesser proportion of glassy ash. 
The lithic material remained unaltered, but the 
glass grains altered to bentonitic clay. The 
bentonitic grains included in the conglomerate 
beds (of unit B) show derivation from consoli- 
dated beds of bentonitic materials... . . 

The volcanic origin and the mineral charac- 
ter of both rock grains and clay material indi- 
cate a relationship to the well-known Ordovi- 
cian ash showers. However, if these materials 
are Ordovician in age, they differ from previous- 
ly known Ordovician ash in interesting ways. 
So far as known, this would be the first reported 
occurrence of lithic tuffs in the Ordovician ash 
showers. The most widespread Ordovician ash 


3 Personal communication, January 13 and 
April 8, 1943. 
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showers are characterized by abundant biotite 
phenocrysts and little or no feldspar.4 


Chemical analyses of the various types 
of rock in the “33 formation” are given 
in Table 3. 

FOSSILS 

Although the entire formation was 
searched carefully, fossils were found 
only in about 8 feet of beds in the upper 
portion of unit B, where excellent col- 
lections were obtained, and these, like 
the rocks of unit C, apparently are 
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CROSS-BEDDED CONGLOMERAT/C DOLOMITE. 
BLOCK 33 


Fic. 6, B.—Cross-bedded conglomeratic dolomite, 


unit B. 


unique. They were found chiefly in the 
conglomeratic lenses and on the black 
carbonaceous partings, which suggests 
conditions of preservation similar to 
those of the famous British Columbia 
Burgess shale fauna. 


4 Personal communication, March 9, 1943. 
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Fic. 7.—Contact of “33 beds” (unit C) and breccia (right). Note steep dip and apparent leaching along 
33 Pp GIy PI g 


joints. (Photograph by Charles L. Rodgers.) 


TABLE 3 


CHEMICAL ANALYSES OF THE “33 BEDS’’* 











} I 2 | a 4 | . | 6 | 7 9 10 
SiO... | 18.0 32.8 460.5 7.6 61.2 61.7 73.2 65.2 53-9 40.7 
Al,O;. 6.2 5| 14.5 12.4 18.4 | 17.4] 13.3 17.41 21.3 10.6 
Fe,0.. 1.6 0.56) 1.1 4.8 0.75, 0.59 0.8 0.35 1.9 4.0 
| ee 0.7 ©.66... : 
Cae. . | a4 14.9 8.0 13.9 £43 1.6 | 0.06 0.51 ro). 7.9 
MgO. | 2.83 38.3 7-1] 2.9 ea I 0.44 ‘2 5.9] 4.1 
Na,O o.12| O.II 0. 42| 1.0 | °. 26 0.14 0.19 °.78 3.8 0.6 
J ee ' £64 sg 8.6 | 2.2 13.8) 13.8 az.m | 428.2 Cok. se 
re | . | 
| 0.27} © 35| 0.6 0.34, 0.36, 0.28) 0.33) 0.17; 0.5 
| } 
Moisture, to110°C..} 0.29 0.4] O.I9) 0.5 0.04) 0.03 0.01 0.68 r.2 0.6 
Ignition loss, 110° | | 
1,000° C..... 34-0] 23.6] 13.7] 14.5] 2.6 2.8 0.56) 4.3 | 5.8 | 18.3 
| ‘site a 7 ie 1 az | a= | | war ae as 
Total. . ...| 100.5 | 100.0 | 100.4 | 100.4 | 100.2 99.9 99.9 | 100.7 | 100.3] 99.3 
| | | | 
1. Green slabby dolomite, unit A. 6. Gray-white volcanic rock, unit C.f 
2. Banded fossiliferous dolomite, unit B. 7. White volcanic rock, unit C.f 
3. Blocky, fossiliferous dolomite, unit B. 8. Green volcanic rock, unit C. 
4. White volcanic rock, unit C. g. Green film on joints in gray rock, unit C. 
5. Gray volcanic rock, unit C.t+ 10. Dolomite breccia from beneath the “‘33 beds.”’ 


* Analyses by Materials Testing Laboratory, T.V.A 
t Nos. 5, 6, and 7 are from the same bed, 6 being between 5 and 7. 






























The most abundant fossil forms in this 
deposit are small merostomes, ranging 
from } to 3 inches in length. One nearly 
entire specimen, several dozen well- 
preserved carapaces and bucklers with 
short spines, and a few telson spines 
have been recovered. The carapaces 
show some resemblance to those of the 
Upper Cambrian aglaspids;’ but, after 
careful examination and comparison, 
the writer is of the opinion that these 
forms are quite unlike both the aglaspids 
and the later Paleozoic eurypterids. This 
opinion is based upon (1) presence of 
ocelli in all the Douglas Dam specimens, 
(2) chitinous rather than phosphatic 
exoskeleton, and (3) fused rather than 
articulated body segments. 

Three unusually well-preserved entire 
specimens of a small phyllopod, identi- 
fied by Dr. Charles E. Resser,® of the 
United States National Museum, as 
most closely related to Waptia (of the 
Burgess shale) were also found in unit 
B. Fragments of another type of crus- 
tacean, as yet unidentified, and several 
types of trails have been found associated 
with the other fossils. Although mero- 
stomes and crustaceans were abundantly 
represented, no other fossil forms were 
found in the ‘‘33 beds.” This is a notable 
contrast with the Burgess shale fauna 
and the Cambrian aglaspid fauna of 
Wisconsin, both of which contain abun- 
dant remains of trilobites, brachiopods, 
and other forms. 


‘ 


A large collection of fossils of the “33 
formation,” resulting from an exhaustive 
search of the waste piles, has been 
shipped to Dr. C. E. Resser and Dr. 
Josiah Bridge, and detailed descriptions 
will be available at some future date. 


5G. O. Raasch, “Cambrian Merostomata,” 


Geol. Soc. Amer. Special Paper No. 19 (1939). 


6 Personal communication, November 7, 1942. 
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STRUCTURE 

In general, this deposit is synclinal, 
with dips as high as 75° at the north and 
south boundaries (Figs. 4 and 8). The 
contact with the adjacent dolomite is 
nearly vertical at the south and west 
borders. At the north and east this con- 
tact dips 70° toward the enclosed deposit 
in the upper part, but 60°-85° away 
from it at the bottom elevation of ex- 
cavation (881 feet). Drilling below this 
floor has shown that the deposit has a 
definite bottom contact with about 8 
feet of relief, so that its elevation varies 
from 860 to 868, with a local depression 
in this floor extending to 847 in the 
northeast end of the deposit. 

The boundary between the ‘33 beds” 
and the Beekmantown dolomite is dis- 
tinct and is not a plane but rather a 
very irregular surface with 2-10 feet of 
“horizontal relief,” if that term may be 
applied to an essentially vertical surface. 
It has obviously been a surface of move- 
ment, as a thin layer of gouge (derived 
from the softer “33 beds” and not the 
dolomite) and nearly horizontal slicken- 
sides were present wherever this bound- 
ary was clearly exposed. 

The rocks of the ‘‘33 formation” show 
many effects of compression but ap- 
parently were protected from intense 
crushing by the thick dolomite beds 
which surround them. Slickensides on 
bedding planes and joints are common, 
and there are many closely spaced joint 
systems (Fig. 3). Cleavage has been 
developed in the green volcanic material 
and in the slabby dolomite but not in the 
white rock. 

The adjacent Beekmantown dolomite 
is intensely brecciated on the north and 
for 20-40 feet beneath the ‘33 beds” 
but is only fractured on the south, east, 
and west. The brecciated zone grades 
northward into fractured rock, and this 
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fracturing ends abruptly against a verti- 
cal fault (with horizontal slickensides) 
40 feet to the north. Beyond this is the 
normal Beekmantown dolomite. Bed- 
ding planes can be traced across the ver- 
tical fault and through the fractured and 
brecciated zones to the contact with the 
“22 beds,” indicating that the breccia is 
of tectonic origin and not due to collapse. 
Movement on this fault was very local, 


ORDOVICIAN SINKHOLE DEPOSIT OF VOLCANIC ASH, TENNESSEE 





245 


block 33, 1.1 feet of green shaly dolomite, 
very similar to the slabby beds of unit 
A, was present just below the base of the 
Lenoir formation and above typical 
Beekmantown dolomite. As this is 94 
feet below the surface, the extent of this 
occurrence is not known, but the same 
horizon was crossed by 69 other holes in 
this vicinity, none of which penetrated 
such material. 





Fic. 8. 
and C-r1) at left. Ladder rests against breccia zone. This view corresponds to geologic section, Fig. 4. (Photo- 
graph by Granville Hunt.) 


and neither slickensides nor displace- 
ment were evident at the east face of the 
cut 80 feet away. 


OTHER POSSIBLE OCCURRENCES OF 
THE ‘‘33 BEDS” 

No rocks which can definitely be 
assigned to the ‘33 formation” are 
known outside the small deposit in the 
Douglas Dam foundation. However, two 
possible occurrences may be mentioned. 
In a core-drill hole 2,675 feet south of 





View of downstream face of excavation. Beekmantown dolomite at right, ‘(33 beds” (units B 


About 2,200 feet east of block 33 a 
pinnacle of thoroughly weathered, thin- 
bedded argillaceous sediments was un- 
covered in a large borrow pit in the 
terrace clay. This material appears to be 
the completely weathered equivalent of 
beds like those of units A and B, but no 
fossils were found in them. The strati- 
graphic position is about roo feet below 
the Lenoir limestone, or about 100 feet 
higher than the dolomite adjacent to the 
block 33 occurrence. Residual chert con- 



























taining high-spired gastropods and small 
cephalopods, probably of Lenoir age, 
was found here and nowhere else in the 
vicinity. It is probable that these beds 
are the upper part of another small de- 
posit of the “‘33 formation.” 


PROBABLE ORIGIN 


It is obvious that any theory of origin 
of this peculiar deposit must satisfacto- 
rily explain the following observable 
facts: 


1. Extremely local extent of the deposit.—This 
could be due to (a) removal of much more ex- 
tensive deposits by erosion, () original deposi- 
tion in a very local basin, or (c) faulting. Proba- 
bly a combination of (a) and () provides the 
best explanation. 

2. Shape of deposit (i.e., oval in plan, with 
very steep sides, a definite bottom having 
several feet relief, and completely surrounded 
by dolomite).—Faulting is obviously excluded 
as a cause of this. It seems likely that the “33 
beds” were originally deposited in approxi- 
mately their present position, the basin of 
deposition being a local deep depression, proba- 
bly a sinkhole. Sinks of similar shape and size, 
known as cenotes, occur abundantly in the lime- 
stone areas of northern Yucatan. 

3. Irregular (“rolling’’) contact surface of the 
adjacent dolomite-—This surface has the appear- 
ance of one produced by solution (or erosion) 
and not by faulting. That the solution was prior 
to the deposition of the “33 beds’’ is indicated 
by the tightness of the contact between those 
beds and the dolomite on which the irregular 
surface was developed. 

4. Evidence of movement on the contact sur- 
face.—If this surface was an original sedimen- 
tary contact, it is a logical consequence that it 
would become a surface of movement, though 
of little displacement, during a later period of 
orogeny. 

5. Unusual thickness of the volcanic ash, as 
compared with the later Ordovician bentonite 
beds.—This seems to require a vent somewhere 
near by. 

6. Almost complete absence of basal conglom- 
erate or of any coarse material in the volcanic ash 
beds.—This seems to indicate that the volcanic 
activity occurred early in the history of the 
sinkhole, before any rubble of fragments of the 
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walls had accumulated at the bottom of the 
sinkhole, and that the total thickness of volcanic 
ash probably accumulated in a short time, at 
sufficient distance from the vent to be beyond 
the range of bombs, lapilli, etc. According to 
Ross,’ “the purity of the green rock, and the ab- 
sence of detrital materials and included dolo- 
mite, indicates little or no reworking, and the 
materials seem to represent a direct ash show- 
er.” 

7. Presence of a brackish- or fresh-water 
fauna.—Fresh water is found in the cenotes of 
Yucatan, even in some which are about r00 feet 
from the seashore, and a large vertebrate and 
invertebrate fauna has been reported from 
them.*® 

8. Presence of shallow-water sedimentation 
features in the upper beds and absence of them in 
the lower beds.—If a deep hole were filled with 
sediments, the first sediments would be de- 
posited in deep water, while the last material 
would be deposited under very shallow water. 

9. Presence of pebbles of the volcanics, and of 
other pebbles of unknown source, in the upper 
beds.—At first, ash was almost the only sedi- 
ment received by the local basin; but, after the 
conclusion of volcanic activity and after most of 
the ash deposit was removed from the surround- 
ing land, only an occasional pebble of ash was 
carried to the basin. As many of these later 
pebbles are not of volcanic origin, it indicates 
that the adjacent land was not entirely covered 
by the ash fall or that most of the ash had been 
removed. 

10. Intense brecciation of the adjacent dolo- 
mite on the north and under the deposit but not on 
the south and west.—As stated above (see No. 
4), it is to be expected that a deposit of weak 
rocks between thick, strong beds would provide 
a place of weakness which would be one of the 
first affected by regional tectonic forces. Only 
the fact that the weak deposit was entirely sur- 
rounded by the strong dolomite beds protected 
it from intense crushing. Because of this break 
in the continuity of the dolomite beds, it is 
logical that fracturing and brecciation would 
occur here, even though no important displace- 
ment occurred. 


The writer’s opinion of the geologic 
history may be summarized thus: Fol- 
7 Personal communication, March 9g, 1943. 


8A. S. Pearse, “The Cenotes of Yucatan,” 
Carnegie Inst. Wash., Pub. No. 457 (1936), pp. 1-20. 
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lowing the deposition of the normal 
dolomite series there was a period of 
slight emergence and erosion, during 
which the deep depression now occupied 
by the “33 formation” was formed. This 
basin was probably a sinkhole. The 
erosion surface thus produced was prob- 
ably similar to the present surface of 
northern Yucatan or to the outcrop 
of the Ocala limestone of Florida. The 
sinkhole was at least partly filled with 
fresh or brackish water and may have 
had underground connections with other 
sinks, though this is unlikely, as in- 
tensive exploration failed to locate any 
such channels. During eruption of a 
volcano, probably at a moderate distance 
to the east, a shower of fine volcanic ash 
fell in this area, and much of it accumu- 
lated in the sinkhole, forming the thick 
series of unit C. As the hole filled and the 
supply of volcanic ash was reduced, some 
calcareous and argillaceous sediments 
were also deposited. In this shallow 
water certain types of invertebrate life 
thrived, but fossils were preserved only 
in the fetid black muds now represented 
by the thin carbonaceous laminations. 
Conglomeratic lenses were formed dur- 
ing times of torrential runoff. This period 
of deposition was followed by further 
erosion, during which all beds of the 
same age as the “33 formation’ were 
removed, except the small portions 
protected in deep depressions. This was 
followed by submergence and renewed 
deposition of ordinary calcareous sedi- 
ments. 

During the Appalachian revolution 
the beds were compressed between the 
thick dolomite walls, and the slight 
initial dips at the borders were steepened 
to as much as 75°, forming an asymmetri- 
cal syncline. Cleavage was developed in 
some of the beds. 

Subsequent erosion removed an un- 
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known amount of the upper portion of 
the deposit, after which the remaining 
portion was covered with gravel and silt. 

A comparison with the features of the 
existing cenoles of Yucatan, as reported 
by Pearse,? tends to confirm the above 
interpretation. These sinks occur in 
Tertiary limestones on a surface which 
has recently been elevated above sea- 
level. They have steep or overhanging 
walls and are generally less than 150 feet 
wide. Their depths vary from 25 to more 
than 250 feet, and the depth of water in 
them varies from 25 to more than 160 
feet. The water is fresh and supports a 
large, varied fauna. In some cenoles there 
is an accumulation of leaves, sticks, and 
fine organic material, while others con- 
tain no sediment. 


AGE OF THE “33 BEDS” 

Definite criteria for the age of the “33 
beds” are not present. The fossils are, in 
many ways, similar to Middle and Up- 
per Cambrian forms, but there are 
enough differences that a Cambrian age 
cannot be assigned definitely to these 
fossils. 

If the geologic history outlined above 
is correct, the beds must be Beekman- 
town or younger, as they are later than 
the surrounding dolomites which con- 
tain Orospira and Ceratopea (Fig. 4). It 
is the writer’s opinion that the “33 beds” 
were deposited during the interval be- 
tween deposition of the latest Beekman- 
town dolomites and the Lenoir lime- 
stone. This interval is represented 
throughout this portion of the Appalach- 
ian Valley by a distinct hiatus’ and is 
the only break in the early Ordovician 
sequence long enough to account for all 


9 Ibid. 


te Charles Butts, “Geology of the Appalachian 
Valley in Virginia,” Va. Geol. Surv. Bull. 52 (1940), 
p. 110. 
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the events involved in the formation of 
the “33 beds.” A chert-gravel deposit 
150 feet thick, filling a channel cut in 
this same erosion surface and containing 
brachiopods determined by G. A. Cooper 
to be “definitely post-Knox, probably 
middle Chazyan,” has been reported 
recently from Hawkins County, Ten- 
nessee, by John Rodgers," of the United 
States Geological Survey. Further evi- 
dence of considerable post-Beekman- 
town erosion is present at Douglas Dam, 
where the Lenoir locally contains a very 
coarse basal conglomerate resting direct- 
ly on Beekmantown dolomite. Three- 
fourths of a mile northeast of that lo- 
cality the Mosheim limestone appears 
between the Beekmantown and _ the 
Lenoir, and an average thickness of 30 
feet of Mosheim is present for 13 miles 
along strike before it again pinches out 
completely. 

It has been pointed out’ that the 
stage of evolution of the merostomes is 
more nearly late Paleozoic or even 
Mesozoic than early Ordovician, since 
ankylosis of the thoracic segments is not 
known in pre-Pennsylvanian forms (ex- 
cept for some imperfectly fused Devo- 
nian forms); and, since there is no def- 
inite evidence that the “‘33 beds’ were 
overlain by Chazyan strata, these beds 
could have formed during any post- 
Canadian erosion interval, even after the 
Appalachian revolution. However, such 
an interpretation would require complete 
removal of 1,800 feet of Athens and 
Sevier shales as well as the Silurian, 
Devonian, and Mississippian sandstones 
and shales which are well developed less 
than 25 miles to the southwest," before 


't Personal communication, February 10, 1943. 
'2 Kenneth E. Caster, personal communication, 
April 5 and May 3, 1943. 


3 Arthur Keith, U.S. Geol. Surv., 
Knoxville Folio, No. 16 (1895). 
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the formation of the sink. It is not likely 
that a sink could form through so great a 
thickness of shale, though an unusual 
sink involving much less thickness of 
shale has been described recently." 
There is much evidence to indicate that 
neither the Taconic nor the Acadian 
orogeny was very effective in this area, 
and, as some of the younger shales are 
present both northwest and southeast of 
Douglas Dam, it is logical to assume that 
they were not removed until after the 
Appalachian revolution. Pre-Appalachian 
age of the “33 beds” is indicated by the 
presence of cleavage, the sheared bound- 
ary, and the intense brecciation of the 
adjacent rocks. 

A thick bed reported to be of possible 
volcanic origin occurs at the top of the 
Beekmantown at Thorn Hill in Grainger 
County, Tennessee, 28 miles north of 
Douglas Dam,'> but recent examination 
has shown that this is not a volcanic 
ash. No definite occurrences of volcanic 
ash at this horizon are known to the 
writer. The earliest definitely established 
Ordovician volcanic beds in the southern 
Appalachian Valley are reported in the 
Murfreesboro formation in Rhea County, 
Tennessee, by Fox.'® As the Murfrees- 
boro is not represented on the eastern 
side of the valley, it is possible that this 
occurrence could be of the same age as 
the ‘‘33 beds.” 

The exact location of the volcano is 
not known. Because of the lack of 
coarse volcanic material here and of the 
absence of ash beds at the same horizon 
in the western part of the valley where 

Stockdale, “Montlake, an Amazing 
Jour. Geol., Vol. XLIV (1936), pp. 515 


4 P. B. 
Sinkhole,”’ 
22. 

's G. M. Hall and H. C. Amick, ‘The Section on 
the West Side of Clinch Mountain, Tennessee,” 
Jour. Tenn. Acad. Sci., Vol. TX (1934), p. 214. 

'©P. P. Fox and L. F. Grant, unpublished manu- 
script (1942). 
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the post-Beekmantown erosion interval 
was much shorter, it is assumed that the 
vent was at a moderate distance to the 
east. Presumably it is now buried be- 
neath the younger Ordovician shales or 
beneath the crystalline rocks of the Blue 
Ridge overthrust block. 

Two features are not satisfactorily ex- 
plained by the theory of a sinkhole in 
the post-Beekmantown erosion surface. 
This requires the sink to have been 
originally about 300 feet deep, yet only 
120 feet of beds are now present in the 
“33 formation’; and the upper ones, 
which are over 150 feet below the Lenoir, 
are distinctly shallow-water sediments. 
There is no local thickening of the Lenoir 
here, and a line of closely spaced drill 
holes reveals a continuous normal section 
of Upper Beekmantown. Also, the sink 
presumably was nearly vertical and de- 
veloped in horizontal beds, yet now the 
beds dip 15°, and the basin occupied by 
the ‘33 beds” is approximately vertical. 
However, one cenole illustrated by 
Pearse’? has a nearly horizontal extent, 
while others have walls sloping at 60° 
7o angles. But, in spite of these ob- 
jections, the sinkhole theory of origin 
conforms more closely to the observed 
facts than any theory of faulting. 


SUMMARY 


The deposit described in this paper is 
of special interest because it contains a 
previously unreported fauna belonging 
to orders not previously known in the 
early Paleozoic rocks of the southern 


'7 See p. 6 of ftn. 8 (1936). 





ORDOVICIAN SINKHOLE DEPOSIT OF VOLCANIC ASH, TENNESSEE 











249 





Appalachians and unusual types of 
volcanic rocks. This is the earliest vol- 
canic activity reported in the Ordovician 
of this region. The relations of the de- 
posit to the adjacent rocks are not ex- 
plainable by faulting or ordinary shal- 
low-water deposition, and these beds are 
considered to have been deposited in an 
unusual type of local basin. It is not an 
exaggeration to say that this deposit 
is unique in the geology of the southern 
Appalachians. 

That any representative of this un- 
usual formation still exists is due to the 
fortunate accident of preservation in a 
pocket below the general level of pre- 
Chazyan erosion. Even this small rem- 
nant remained unknown until it was un- 
covered by recent construction work. 
Thus we are again reminded.of the very 
fragmentary nature of the known geolog- 
ic record. 
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CLASTIC DIKES OF THE CHIRA AND VERDUN FORMATIONS 


NORTHWESTERN PERU* 


J. L. ANDERSON 
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ABSTRACT 


Clastic dikes cutting sediments belonging to the Verdun and Chira formations of Upper Eocene and pos- 
sible Lower Oligocene age in northwestern Peru were studied. The openings may have been caused by sub- 
aqueous gravitational slipping, producing low-angle normal faults according to Baldry. The dike fillings differ 
in mineralogy from all other sands studied except that from the Mirador conglomerate horizon which is found 
at the base of the Mancora formation. The sand is considered to have been injected from above and may 
have been derived either from the Mirador conglomerate or from material being deposited during Mirador 


time. 
INTRODUCTION 

The presence of clastic dikes in the 
Tertiary formations of northwestern 
Peru has long been known to geologists 
who have worked in that region, but 
little has been published concerning 
their probable origin and the source of 
the material that fills them. 

During the years 1938-40, while the 
author was employed by the Interna- 
tional Petroleum Company, an oppor- 
tunity was afforded him to examine and 
sample several clastic dikes. The relation 
of these dikes to the complex faulting of 
the area and the probable source of the 
material which fills them presented a 
problem which the author hoped could 
be solved by a detailed mineralogical 
study. This mineralogical study forms 
the basis of the present paper. 


LOCATION 


The La Brea and Parifas Estate, from 
which the material of this paper was col- 
lected, is the name of the concession held 
by the International Petroleum Com- 
pany. It forms a small part of the general 
desert belt which extends northward 


* Published with the permission of Mr. O. C. 
Wheeler, chief geologist of the International Petro- 
leum Co., Toronto, Canada. 





from Chile along the entire west coast of 
Peru. The estate itself extends approxi- 
mately 23 miles north and 15 miles south 
of Parifias Point, which is the western- 
most point of land on the continent of 
South America. The maximum width of 
the concession is about 30 miles (Fig. 1). 

The system of measurement employed 
by the company is referred to Parifas 
Point as the origin. Distances are given 
in miles north and east and south and 
east of the origin. Within the square- 
mile blocks localities are given in feet 
north and east from the southwest cor- 
ner. The material which forms the basis 
of this paper was collected in square 
miles 10 South 21 East; 11 South 2 
East; 13 South 19 East; 13 South 20 
East; 5 North 5 East; and 14 North 11 
Fast. 


STRATIGRAPHY 
The rocks of this part of Peru range in 
age from Paleozoic to Oligocene.? Over- 
lying the younger beds unconformably 
are relatively thin deposits of Pleistocene 
age known as “‘‘/ablazos.”’ Detailed study 
has yielded considerable information 
concerning the character and age of 
2 Arthur Iddings and A. A. Olsson, ‘‘Geology of 


Northwestern Peru,” Bull. Amer. Assoc. Pet. Geol., 
Vol. XII (1928), pp. 1-39. 
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younger Tertiary formations, but the 
exact age and general sequence of the 
older beds are imperfectly known. Table 1 
gives a general description of the stratig- 
raphy according to Iddings and Olsson. 
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Subsequent to the work of Iddings 
and Olsson, considerable additional in- 
formation has been secured, both from 
surface and from subsurface studies of 
the microfaunas. This recent study by 


Sketch map of the La Brea and Parifias Estate, northwestern Peru, showing location of samples 
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{Mancora formation 
Chira formation 
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{Verdun formation 


Pozo shale 


{ Talara sandstone 
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Lomitos zone 
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Talara Group 


} Restin formation 
|Parifias formation 
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|Pale Greda formation 


Salina formation 
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Negritos formation 


Monte Grande for- 
mation 

| Copa Sombrero for- 
mation 


) Pananga formation 





* Description of formations taken largely 
(1928), pp. 1 
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TABLE 
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THE LA BREA AND PARINAS ESTATE, 


J. L. ANDERSON 





Character 


Shales; 


nck, 


sineeee 


centiealion chocolate 


brown; gypsife rous; few thin, black, pebble con- 
glomerates and yellow, cherty limestones 
Sandstone and conglomerate, with some chocolate- 


brown shale; 


Mirador conglomerate at base in 


southern part of the area 

Shale: black, bituminous, weathering dull brown; 
bands of volcanic ash and bentonite; sandstones: 
hard, blocky, near top of formation 


Sandstone: massive, gritty, orbitoidal; shale: gray 


green, gypsiferous 


Shale: green with hematitic seams, well bedded and 


hard 


Sandstone: well bedded, flaggy, separated by thin 


shales ; 


vary laterally to sandy shales and hard 


concretionary sandstones 
Shale: dark gray to black, well bedded, weathering 


dull brown 
Conglomerate, 


sandstone, and shale; lithology vari- 


able; occasional remnants on La Brea and Pari- 


fias Estate 


Shale:green-gray, weathering tolight yellowand gray; | 
sandstone: thin, fine grained ; at base of formation 
Sandstone and conglomerate: 


medium to coarse 


grained; in part hard and indurated, shale part- 


ings; 
horizon 


Shale: pale gray to dirty 


silicified wood common; 


main producing 


yellow weathering shale 


with thin sandstones at top and base; thin cone- 
in-cone limestones at several localities 


Sandstone: 
shale; gray and thin; 


predominantly fine-grained and thin 


conglomeratic lenses at 


base; sands and shales are lenticular 
Shale: dark gray, hard; sandstone: thin bedded, fine 
grained to pebbly mostly in upper and lower part 


of formation 


Conglomerates and sandstones: 


limited in areal extent 


coarse grained, 


Shales: black, with large limestone concretions, thin 
zones of chert and thin quartzitic layers petro 


liferous 


Limestone: hard, massive with basal conglomerate; 
lower unit is hard, massive light colored; upper 
unit is thin, well bedded, dark, bituminous lime- 


stone weathering light gray; oil found along bed- | 


ding planes 
Granite intrusion 


Slates, schists, quartzites, and other metamorphic 
rocks; Paleozoic fossils present 


from Arthur Iddings and 


39- 


A.A 


Olsson, ‘*‘€ 
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Lionel W. Wiedey and Don L. Frizzell 
has resulted in a proposed revision of the 
stratigraphy of northwestern Peru which 
is given in Table 2. 
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east, the Pacific fault at the edge of the 
continental shelf on the west, and the in- 
tervening Tertiary sediments which have 
been folded and extensively faulted. 


TABLE 2 
EOCENE SEQUENCE IN NORTHWESTERN PERU* 


OLIGOCENE... ...Mancora formation 


Major unconformity 


| Pajaro Bobo shale 


Shales in Lagunitos- 


Chira Valley area, overlying the Charanal 


formation 
{ Verdun | Charanal formation 
Group Sandstones, conglomerates, and shales, in the Lagunitos-Chira 


Valley area, lying 
| Chira shale 
Verdun formation 


between the Pajaro Bobo and Chira shales 


Unconformity? 


Pozo shale 
Talara Talara sandstone 
Group | Talara shale 


one Lomitos sandstone 
Unconformity? 
| Chacra shale 
Shales in the Talara-Negritos area, overlying the Parifas sand- 
stone and overlain by the Lomitos sandstone 
Parifas sandstone 
a ee Keswick formation 
Negritos oaths a ey RES ee 
Fete (I roposed to replace the “Pale Greda formation.”) Shales in the 
— Negritos area and sandy shales and sandstones in the Jabonillal 
area, lying between the Parifas sandstone and the Salina 
formation 
Salina formation 
Negritos shale 
Conformable? 
{ Mal Paso shale 
Shales lying below the ‘‘Main Sand” of the Negritos formation; 
currently known only in well sections: 
CRETACEOUS. ... ‘Middle Conglomerates” 


| Copa Sombrero 


Hard, dense, massive 


to laminated, black noncalcareous shale 


* Lionel W. Wiedey and Don L. Frizzell, ‘Revision of the Eocene Stratigraphy of Northwestern Peru,’’ Proc. 6th 


Pacific Sci. Cong., Vol. II (1939), p. 528 
t Frizzell, ‘‘Upper Cretaceous Foraminifera from Peru,”’ 
STRUCTURE 
The major structural features of the 
area are the Amotape Mountains on the 
’ “Revision of the Eocene Stratigraphy of North- 


western Peru,” Proc. 6th Pacific Sci. Cong., Vol. I 
1939), pp. 527-28. 





Jour. Paleon., Vol. XVII (1943), pp. 331-53. 


According to Iddings and Olsson,‘ 
anticlinal folds and uplifted blocks in- 
volving the Tertiary rocks have been 
formed, and these structures, as well as 
the intervening areas, have been affected 


4 See pp. 30-36 of ftn. 2 (1928). 
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by normal faulting. The normal faults 
have a throw which varies from a few 
feet to 5,000 feet, and the horizontal dis- 
placement may be as much as 2—3 miles. 
The dip of the fault planes ranges from a 
few degrees to about 70°, and in places a 
zone of crushed and contorted strata 
characterizes the faults. 

The close of the Restin deposition was 
marked, according to Iddings and Ols- 
son, by deformation, faulting, and sub- 
sequent erosion. This has produced in 
places complexities in the subsurface 
geology which are revealed by dips at 
right angles to the dips of the surface 
beds and by the absence of entire forma- 
tions. Two later periods of erosion are 
indicated by unconformities, one at the 
base of the Verdun formation and the 
other at the base of the Mancora forma- 
tion. The pronounced normal faulting, 
which has affected all formations of the 
area, is thought to have taken place in 
late Tertiary time. 

The structures of the Tertiary rocks of 
northwestern Peru are explained by 
R. A. Baldry® as the result of subaqueous 
sliding, producing what he has called 
“low-angle normal faults.” According to 
this author, there was a distinctly 
rhythmic deposition of the Tertiary 
sediments on a steeply sloping sea floor, 
until 20,000 feet of Eocene and early 
Oligocene sediments had accumulated, 
at which time one great “land slip” oc- 
curred. That the sandstones, limestones, 
and conglomerates were all cemented 
before the sliding took place is evidenced 
by the fact that many pebbles in the 
conglomerates were sheared through 
during the subaqueous sliding. 

When the initial break occurred, the 
strata moved, not as a single mass 20,000 


5 “Slip Planes and Breccia Zones in the Tertiary 
Rocks of Peru,” Quar. Jour. Geol. Soc. London., 
Vol. XCIV (1938), pp. 347-58. 
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feet in thickness along a single fault 
plane, but along several separate slip 
planes. Lithologic units were affected 
differently by the movement. Shales 
tended to slip along bedding planes and 
become slickensided. Thin sandstones 
and shales produced small isoclinal folds, 
whereas thicker sandstones and shales 
broke into lenses of all sizes. Massive 
sandstones broke into large units from a 
few hundred feet to several miles in 
length. 

The slip planes are inclined about 7° 
10° to the bedding planes. Movement of 
the upper strata over the lower produced 
a zone of breccia which varies from a few 
inches to several hundred feet in thick- 
ness, and in which are found pebbles, 
boulders, and rock masses several hun- 
dred feet long. The slip planes which 
bound these breccia zones are usually 
not parallel but are “bifurcating and re- 
joining.” They tend to remain, as far as 
possible, in the soft strata and then break 
abruptly across the hard beds. The total 
amount of slip, according to Baldry, is 
probably several miles, and the direction 
of slipping is north-northwest at right 
angles to the axis of the Amotape 
Mountains. 

Associated with the slip planes are 
sandstone dikes, originating in zones of 
strong movement and extending both 
upward and downward from them. 
Baldry believes the sand of the dikes has 
been injected into fractures and dis- 
agrees with the idea that they represent 
an infilling of cracks in the ocean floor. 


THE CLASTIC DIKES 
LOCATION 
The clastic dikes, which are the sub- 
ject of this investigation, cut the shales 
of both the Verdun and the Chira forma- 
tions. 
The dike penetrating the Chira shales 
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is located in a cliff along the government 
highway as the road leaves the /ablazo 
and descends into the valley of Quebrada 
Lucia. The descent from the fablazo to 
the valley is called “Santa Lucia Hill.” 
The co-ordinates are Square Mile to 
South 21 East of Parinas Point and ap- 
proximately 5,100 feet north and 300 
feet east of the southwest corner of the 
square-mile block. 

The dike system penetrating the Ver- 
dun shales is located in Quebrada Honda 
in approximately Square Mile 14 North 
10 East (Fig. 2). 


DESCRIPTION OF THE DIKES 

The dike on Santa Lucia Hill has an 
east-west strike and dips 72° to the south. 
Its height from the road level to where it 
disappears is 20 feet. The bottom portion 
measures 8 inches in width and the top 
part 12 inches. 

There is evidence of faulting within 
the dike itself (Figs. 3 and 4). Near the 
road level it has been offset laterally 
about 1 foot, and near the top the lateral 
ofiset is approximately 23 feet. In the 
uppermost part the dike has _ been 
stretched into an L shape. The shales 
through which the dike cuts are minutely 
jointed and fractured. The dike was sam- 
pled from the lower part near the road 
level. 

The dike system in Quebrada Honda is 
more complicated than the dike on Santa 
Lucia Hill. The main branch varies from 
18 to 30 inches in width and cuts the 
minutely jointed Verdun shales. The dip 
is 50° due north. The left-hand branch 
of the triangular portion has a dip of 30° 
south, and the right-hand branch dips 
42 to the north. The two triangular 
parts are 8 inches in width, with the 
extreme northern branch measuring only 
6 inches. 

The main dike is approximately 45 
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feet in height and reaches to the top of 
the Verdun shales, penetrating a zone of 
hard shale nodules measuring about a 
foot in diameter. This zone of nodular 
shale overlies the main body of Verdun 
shales and underlies the Quaternary 
tablazo beds and may represent a breccia 


zone. 





~ ‘: = 
‘ a = % ‘ 
Pe El steels 
Fig. 2.—Dike system, Quebrada Honda 
The dikes forming the triangular 


arch are joined to the main dike by a 
small feeder dike (Fig. 5). The various 
branches disappear into the floor of the 
quebrada through a talus zone. 

The sandstone of the dikes varies from 
fine to coarse grained, is very hard and 
indurated, and has a white appearance. 
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sheets of selenite between the dike and 
the shale body. 

The left-hand branch dike has been 
faulted and offset, and between the offset 





Sandstone dike, Santa Lucia Hill, Peru, 
showing general character of lower part of dike. 


Fig. 3. 


portions, as well as between the main 
dike and the left-hand branch, the shales 
have a squeezed appearance as though 
they had flowed into place. The same is 
true of the shales within the arch formed 
by the two subsidiary dikes. 

The Verdun shales at this locality are 
minutely jointed and are cut by many 
small selenite veins which vary from 4 
to 3} inch in thickness. The shales are 
usually lead-gray in color, but on either 
side of the selenite veins they have been 
altered to rusty-brown and _reddish- 


Along the left-hand branch there are 
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were observed anywhere in the vicinity 
of the dikes. 
MINERALOGY 

The samples collected for mineralogi- 
cal study consist of one specimen from 
the dike on Santa Lucia Hill and of five 
specimens from the dike system in Que- 
brada Honda (Fig. 5). In order to com- 
pare the mineralogy of the sandstone 
of the dikes with that of the sandstones 
both stratigraphically higher and lower 
than the formations through which the 


Sandstone dike, Santa Lucia Hill, Peru 


Fig. 4. 


dikes cut, samples were collected from 
the Verdun formation in Square Mile 
5-N-5, from the Chira formation in the 
Square Miles 1o-S-21 and 11 S-21, and 
from the Mirador conglomerate ol 
Square Mile 13-S-18. 


brown colors. No sandstone horizons 
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SANTA LUCIA DIKE 


The outstanding feature of the Santa 
Lucia dike (L1, Table 3) is the presence 
of a large amount of staurolite. Approxi- 
mately one-half of the grains are large, 
clear, and irregular, while the remainder 
contains carbonaceous matter. 

Subordinate to staurolite are two 
varieties of zircon, one a long, subhedral, 
colorless type with unoriented inclu- 
sions, and the other a small, well-rounded 
type. Tourmaline and garnet are also 
subordinate minerals, tourmaline oc- 
curring in irregular, brown grains, and 
garnet in irregular, structureless individ- 
uals, the colorless variety being more 
abundant than either the pink or the 
brown types. Both pleochroic and non- 
pleochroic andalusite are present in 
small amounts. The grains are both clear 
and clouded by unoriented carbonaceous 
matter and very irregular in shape. 


QUEBRADA HONDA DIKES 


The mineral composition of the dikes 
in Quebrada Honda is strikingly similar 
to that of the dike on Santa Lucia Hill 
(Table 4). Here again staurolite is abun- 
dant, and the grains are irregular, both 
with and without carbonaceous matter. 
Garnet is more abundant in the Que- 
brada Honda rocks than in the specimen 
from Santa Lucia Hill, and platy, brown 
biotite is present in the Quebrada Honda 
dikes but absent from the Santa Lucia 
Hill rock. Sample H3 from the Quebrada 
Honda is slightly different from the other 
four samples in that it contains 3 per 
cent common green, prismatic, horn- 
blende; 2 per cent pale-green diopside; 
and 6 per cent common epidote. With the 
exception of a trace of green hornblende, 
none of these minerals is found in the 
Santa Lucia dike. One notable difference 
between the Quebrada Honda rocks and 
the one from Santa Lucia Hill is the ab- 
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sence of pleochroic andalusite in all sam- 
ples from Quebrada Honda. 


VERDUN FORMATION 
In contrast with the dike rocks, the 
Verdun formation is characterized by a 
large amount of irregular, colorless gar- 
net and a small amount of both clear and 
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Fic. 5.—Sketch showing location of samples in 
sandstone dike, Quebrada Honda. 


clouded staurolite (Table 5). Titanite, 
green hornblende, epidote, hypersthene, 
and diopside, although not abundant 
minerals, are nevertheless persistent 
throughout the Verdun section and are 
usually absent in the dike rocks. Small, 
rounded, clear zircons are more abundant 
than the long, slender, euhedral crystals 
with slightly rounded corners—a fact 
which is the reverse of what was noted in 
the dike rocks. 





SAMPLE No. 


Ls L6 L7 L8 Vo 

No. grains counted. . 357 293 226 378 384 

CT eee 46 | 60 60 51 36 

Colorless 100 100 100 100 99 
Mauve.. I 
Tourmaline 5 5 10 5 3 
Brown. I0o O4 100 I0o I0o 
Blue. 
Green-brown. 6 
Staurolite. .. I I tr 3 12 
Garnet ) 6 9 8 13 20 
Colorless 85 41 50 42 48 50 
Pink 5 2% 8 16 I4 9 
Brown 32 42 42 3 41 

Rutile. . 3 4 1 3 4 2 

Titanite 5 3 2 2 3 4 

Brookite I tr I tr tr 

Anatase 

Brown 
Blue 
Hornblende 2 I tr tr 6 
Green 
Brown 

Hypersthene tr 

Diopside I 

Augite. 

Epidote tr 2 tr 3 

Clinozoisite 

Zoisite 

Andalusite tr 

Colorless 100 
Pleochroic 

Sillimanite 

Cyanite 

Corundum tr I tr tr 2 

Colorless Too 100 Io0o Too 
Blue. . 100 

Muscovite tr 

Biotite. tr tr tr 

Chlorite I I 

Chloritoid I 

Apatite. . . 25 31 16 17 17 10 

Barite tr 

Li Sandstone dike, Santa Lucia Hill, Square Mile 10-S-21. Approximate co-ordinates: 5,100 feet 
north and 300 feet east from the southwest corner. 

L2 Sandstone in Chira formation, stratigraphically lower than sample L1 and about 200 yards 
south of sample Lr. 

L4 to L8 Sandstone in cliff in upper part of Chira formation in Quebrada Lucia, southwest of highway. 
Approximate co-ordinates: Square Mile 11-S-21, 3,700 feet north and 3,850 feet east from 
the southwest corner. 

Vo Sandstone in Mirador(?) conglomerate. Approximate co-ordinates Square Mile 13-S-18, ; 


TABLE 3 
MINERAL ANALYSES OF THE TERTIARY FORMATIONS 


SAMPLES AND PERCENTAGES 


feet north and 850 feet east from the southwest corner. 


Vio and Vir Sandstone in Mirador conglomerate. Approximate co-ordinates Square Mile 13-S-18, 
feet north and 200 feet east from the southwest corner. 
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CHIRA FORMATION 


The sandstones of the Chira forma- 
tion (L2 to L8 of Table 4) are outstand- 
ing because of their very large zircon and 
apatite content. The zircon crystals are 
of two types, one a clear, subhedral, 
prismatic type, with slightly rounded 
corners which predominates over the 
clear, round variety. Apatite occurs as 
small subhedral prisms. Staurolite, the 
principal mineral of the dike rocks, is 
very rare in the Chira sandstones, is dull 
brown in color, and is filled with car- 
bonaceous matter. Garnet, also, is not an 
important mineral in these rocks. All 
other minerals are sporadic in their oc- 
currence and are of no particular value 
for correlation. 


MIRADOR CONGLOMERATE 


In passing from the sandstones of the 
Chira formation into the sands of the 
Mirador conglomerate, an important 
mineralogical change is noted (Table 3, 
Vo to Vir). Staurolite has increased 
greatly in amount, and the crystals are 
both clear and filled with carbonaceous 
inclusions. Zircon has decreased until it 
accounts for from 16 to 36 per cent of the 
total, while garnet has increased. All 
other minerals are sporadic and variable 
in occurrence. 


COMPARISON OF THE MINERALOGY 

Before comparing the mineralogy of 
the different rocks, it is to be recognized 
that the sampled horizons are located at 
widely separated places. On the other 
hand, it has been the author’s experience, 
in studying the mineralogy of the Terti- 
ary sediments from this part of Peru, 
that the main mineral zones of the in- 
dividual formations do not vary laterally 
to any great extent. Changes which have 
been noted are in the subzones, and these 
units are observed to thicken and thin in 
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various directions. With this in mind, 
certain general conclusions may, there- 
fore, be drawn from the results of the 
present study. 


TABLE 4 
MINERAL ANALYSES OF THE SANDSTONE 
DIKES, QUEBRADA HONDA 
Sample No Hi H2 H3 H4 Hs 


No. grains counted.| 417 | 481 | 428 | 447 | 558 


Zircon 17 17 15 26 28 
Colorless. 100 98 | 100 99 | 100 
Mauve 2 I 

Tourmaline. . 4 6 4 2 2 
Brown 31 79 04 88 g2 
Blue.... 19 : 
Green-brown , 21 6 12 § 

Staurolite ‘ 52 45 33 30 47 

Garnet... 18 18 23 2 17 
Colorless. . 09 05 05 96 05 
Pink... 2 I I 2 
Brown...... I 3 4 3 3 

Rutile. . . ; 3 2 3 4 3 

Titanite.... , tr I tr 

Brookite 

Anatase... 

Brown.. 
Blue... 

Hornblende. . . I ‘ 3 tr 
Green..... 100 |.... 100 | 100 
Brown 


Hypersthene. . 
Diopside tr 2 tr 
Augite 


Epidote tr 6 tr tr 
Clinozoisite. . . j i. tr 
Zoisite 


Andalusite 

Colorless 

Pleochroic. .. 
Sillimanite 
Cyanite. . ‘ 
Corundum tr 

Colorless : 100 

Blue. . io , aie 
Muscovite.... tr 
Biotite. .. 3 8 
Chlorite. . . : ; tr I tr 
Chloritoid. . . , tr 
Apatite 
Barite. 


H1 to Hs Sandstone from dike system in cliff in 
Quebrada Honda. Approximate co-ordi- 


nates: Square Mile 14-N-1o. 


MINERAL 


Bot-! } 
Sample No tom 2 | 3 | 4 
I } | | 

No. grains counted| 421) 318) 474| 461 

Zircon. ... 31} 17| 1s| 46 
Colorless 90| 100 100] 09 
Mauve. J . 2 

| | 

Tourmaline. 4 5 6) 4 
Brown. 87| 71| 78) 83 
Blue 14| 16) 
Green-brown 13) 15 6| 17 

| 

Staurolite... 10o| II 7| 3 

Garnet 42| 53| 51| 28 
Colorless. 03 gl O05 09g 
Pink. 4 3 
Brown 7 5 2| I 

Rutile 5 6 6| 8 

Titanite tr} tr 1} I 

Brookite. . 

Anatase tr 
Brown. 100 
Blue 

Hornblende tr 2| 2 2 
Green oY v v | V 
Brown 

| 

Hypersthene tr tr 

Diopside tr) tr) tr 

Augite 

| 

Epidote | tr} tr) tr 

Clinozoisite | tr} 

Zoisite. . 

Andalusite 
Colorless 
Pleochroic 

Sillimanite 

Cyanite 

Corundum 
Colorless | } 
Blue | 

| 

Muscovite 

Biotite 5 3 6} 3 

Chlorite tr 1] tr 

Chloritoid I I tr 

Apatite tr} tri 2 3 

Barite 
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TABLE 5 
ANALYSES OF THE VERDUN SECTION, 5-N-5 

















| 
7 8 | 9 | 0 | sx | 22 
|_| | 
340 539 427) 399| 34 434 
| | 
| i 
29} 20) 15| II) 20) 13 
99| 99| 99) 95) 99) 100 
qT} I) I 5} I 
| | 
aed | 
) 7\ 2 II} 6 6) 
100 d4 88 88| 100\| 88 
| | 
5 II 
16| 12 7 I 
| | | 
2} ro] a1] It] 13) 12 
24| 38) 47| 33) 33) 42 
100 gl So| gil 385 5d 
| - 
I 5 2) 10 5 
) 6} 7 5 7 
} 
II 5 5 6 6 5 
I I 4) 8 5 3 
| 
tr tr 
| tr 
| Io0o 
| | 
10 5] I 3 2} 3 
V 1 ) TE 
| 
| | 
|_| 
I I I tr I 
I I | & tr I 
} 
I tr 7 
tr 
| 
tr I tr I 
I0o 100\ I00 I0o 
tr} tr} | 
eo | 6S 1| 2 1} tr} 
Io0o0 I0o roo| Io0o Io0o Io0o 
pope 
3, 6) 3 5 3 3 
tr tr tr 
| 
I I I I I tr 
3 I 3} 3) 2 I 
| | 


16; 21 
TOO} 00 
| I 
| 
5} 4 
71| 100 
I4 
15 
8} 12 
4I 42 
gl 74 
4 20 
5 6 
5 5 
2 3 
tr 
I0o 
4 I 
V Vv 
2 tr 
4 tr 
8} 3 
I 
I tr 
I00\| I00 
I I 
Ioo Ioo 
I 3 
tr 
tr 
tr tr 





| 337| 416) 435| 467| 380 


12} 31) 60 
100} 97\ 98 
-| 3 2 
| 
4 4 I 
Ioo go'| 100 
5 
5 
5 6 2 
34 5°; 4 
a5 SS 30 
7} 38 6 
é 4 5 
0 3 My) 
4 2 tr 
2 I I 
v Vv V 
tr 
I tr tr 
I I tr 
tr 
I¢ 
tr tr I 
I0oo Ioo| Io 
5 I tr 
2 tr 
tr tr tr 
1} tr} 10 
22 


Sandstone from Verdun formation in Square Mile 5-N-5. Section runs 347 feet north and 
2,722 feet east (sample No. 2) to 3,650 feet north and 4,385 feet east (sample No. 17) trom 
the southwest corner. 
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The mineral analyses reveal the fact 
that four minerals—staurolite, garnet, 
zircon, and apatite—stand out as impor- 
tant constituents (Tables 3, 4, 5). Stau- 
rolite is abundant in all the dike rocks 
and also in the Mirador conglomerate, 
but it is scarce both in the Chira and in 
the Verdun formations. Colorless garnet 
is an important and common constituent 
of the Verdun formation but is less abun- 
dant in all other rocks. Zircon and apa- 
tite find their greatest development in 
Chira formation and are, therefore, 
diagnostic minerals of this formation. 
These facts allow certain conclusions to 
be drawn concerning the source of the 
dike filling. On the other hand, the con- 
clusions drawn from a visual study of 
the mineral analyses may not be so 
sound as the results obtained from a 
statistical study. 
STATISTICAL ANALYSIS 

The statistical operation, as suggested 
by Lincoln Dryden,° can be used to com- 
pare the results of the mineral analyses. 
The formula, as proposed by Dryden, is 


i laa 2(XV)—"MiMy _ 
V(3(X?) — nM?2)(2(¥?) — nM?) 





where 

r = “Coefficient of correlation” 

~ = Sign for summation of that to which 
it is prefixed 

n = Number of pairs of percentages to be 
used, i.e., in this work, the number of 
mineral species 

M = Mean of that to which it is prefixed 

X = Any percentage from sample A 

Y = Corresponding percentage (i.e., of the 


same mineral species) from sample B 


The values of r cannot be compared 
with one another as simple percentages, 
6“A Statistical Method for Comparison of 


Heavy Mineral Suites,” Amer. Jour. Sci., Vol. 
XXIX (5th ser., 1935), pp. 393-94. 
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as pointed out by Dryden. In order to 
obtain a figure which can be used in com- 
paring two samples, the value of r is 
squared (r?); and we obtain what is 
known as the “coefficient of determina- 
tion.” This value is a simple percentage 
and is “an expression of the proportion 
of the elements common to the two sam- 
ples or suites.”’ If the value of r? is 1.00 
(100 per cent), then the percentages of 
the two suites are identical; but, if the 
value is 0, no similarity exists. Values of 
r? will, therefore, lie between o and 1.00 
(o and 100 per cent). 

The probable error of r (p.e. of r) has 
also been calculated according to the 
formula® 
0.6745(1 


Vin 


p.e. of r = ve os 


This gives a figure which indicates that 
if we repeated the correlation on two 
other samples of the same material, there 
is a fifty-fifty chance that the new value 
of r would lie with the range of r + p.e. 
of r. 

The results of the statistical study of 
various samples, both from the dikes and 
from the Verdun formation and Mirador 
conglomerate, are given in Table 6. 

The values of r*? obtained by compar- 
ing the dike samples from the two locali- 
ties are extremely high, which indicates 
that the samples are very similar in the 
percentage of elements common to both. 
The same is true when the Santa Lucia 
dike sample is compared with the sand 
from the Mirador conglomerate. On the 
other hand, when the dike sample from 
Quebrada Honda is compared with sam- 
ples from the Verdun formation, a high 
degree of dissimilarity is evident; only 
10 per cent, 6 per cent, 23 per cent, and 19 
per cent of the elements of H1 are common 
to the samples Vd3, Vd6, Vd8, and Vdr4. 


7 Ibid., p. 399. 8 Tbid., p. 400. 
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If these values are subtracted from 100 
per cent, the percentage dissimilarity is ob- 
tained. These results are very interesting 
and may throw some light on the pos- 
sible source of the dike filling. 


TABLE 6 


Sample | r } r? P.E. of r 


Comparison of Dike Sample 
from Santa Lucia Hill with 
Those from Dikes in Que- 
brada Honda 


Li and Ht. 0.04 0.88 0.03 
Li and H2 87 76 06 
Li and H3 82 67 | 06 
Li and Hq. 80 64 | og 
Li and Hs5 0.89 °.79 0.05 


Comparison of Sample from 
Dike on Santa Lucia Hill 


with Samples from Mira- 
dor Conglomerate 
Li and Vio 0.94 0.88 0.02 
Li and Vi1 0.83 0.69 0.06 


Comparison of Dike Sample 
Hr Quebrada Honda with 
Certain Samples from the 
Verdun Formation 





Hi and Vd3 0.32 0.10 | 0.18 
Hi and Vd6 25 06 | 18 
H1 and Vd8 48 | 23 «| 14 
Hi and Vd14 | 0.44 | 0.19 0.17 


aie 7 


POSSIBLE SOURCE OF DIKE FILLING 


Sand of clastic dikes can come from 
either above or below the horizon 


through which the dike cuts. In the case 
of the two dikes under discussion, the 
possible source beds from horizons lower 
in the section are to be found in the 
Negritos, Salina, Parifias, Lomitos, Ta- 
lara, and Verdun formations. Detailed 
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mineralogical studies not contained in 
this paper definitely eliminate the Ne- 
gritos, Salina, Parifas, and Talara 
formations from consideration. Some 
source, therefore, must be sought other 
than from below. 

If, on the other hand, the dikes were 
filled from above, the Verdun formation, 
the Chira formation, or the Mirador con- 
glomerate must have supplied the mate- 
rial, or the openings developed by sub- 
aqueous gravitational slipping may have 
been filled with the clastic material being 
deposited at the time of their formation. 

There are no outstanding structural 
features such as dodecahedral or botry- 
oidal garnets, cleaved staurolites, or uni- 
form arrangement of inclusions in zircons 
that would give a clue to the source of 
the dike material. On the other hand, the 
statistical survey of the mineral results 
offers some clues. 

The Verdun section, which was sam- 
pled in Square Mile 5-N-5, is approxi- 
mately 1,400 feet thick, but this does not 
represent the complete section, since 
thicknesses up to 7,000 feet have been 
recorded in wells from other localities. 

In the Jabonillal district, Square Mile 
11-N-9, the Verdun is approximately 
600 feet in thickness. The same thickness 
is noted in Square Mile 13-N-8, but in 
Square Mile 13-N-6 it has increased to 
about 1,100 feet. Since the maximum 
thickness of the Verdun in this area is but 
slightly less than that of Square Mile 
5-N-5, and, further, since it is all in one 
basin of deposition, it is, therefore, un- 
likely that the mineral content would 
change radically between these above 
localities. The mineralogy of the Verdun, 
on the other hand, is entirely different 
from that found in the dikes. The statis- 
tical analysis shows that the degree of 
similarity is low, and the conclusion is 











SI 


stl 
M 
th 


ch 
de 
sta 





| in 
Ne- 
lara 
ome 
ther 


vere 
ion, 
-on- 
ate- 
sub- 
ave 
ping 
ion. 
ural 
try- 
uni- 
‘ons 
e of 
the 
ults 


am- 
‘Ox1- 
not 
ince 
een 
ies. 
Mile 
tely 
ness 
t in 
1 to 
1umM 
but 
Mile 
one 
un- 
yuld 
Ove 
lun, 
rent 
tis- 
> of 
n is 





CLASTIC DIKES OF CHIRA AND VERDUN FORMATIONS, PERU 


that the part of the Verdun which was 
studied did not supply the clastic filling 
for the dikes in question. 

The sandstones of the upper and lower 
parts of the Chira formation contain a 
suite of minerals which is entirely differ- 
ent from any suite encountered in either 
the di:.es or other formations under in- 
vestigation. The Chira formation is, 
therefore, dismissed as a possible source. 

The sands of the Mirador conglomer- 
ate, on the other hand, especially those 
represented by sample Vio (Table 3) 
contain a suite of minerals which is very 
similar to that contained in both dikes. 
This is true of no other formation 
studied. As far as the author is aware, no 
Mirador conglomerate is now present on 
the La Brea and Parifias Estate north of 
Negritos. Nevertheless, the mineralogical 
character of the dike material and the 
degree of similarity as indicated by the 
statistical analyses strongly suggest that 


it was derived either from the 


same 
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source that produced the sands of the 
Mirador conglomerate or from the Mira- 
dor conglomerate itself. 

If the openings in the rocks were 
caused by subaqueous gravitational slip- 
ping, and if they developed during the 
deposition of the Mirador conglomerate, 
they could receive material of Mirador 
composition. Nevertheless, the openings 
might have been developed at a later 
time when the Mirador conglomerate 
was being eroded and supplying sedi- 
ments, in which case the filling would al- 
so have the composition of the Mirador. 

It is not advocated that all clastic 
dikes of the Peruvian Tertiary were 
formed in this manner, but the character 
of the filling of the two dikes investigated 
suggests that they were formed as out- 
lined. The conclusion that the material 
of the dikes was derived from a horizon 
above the formation through which the 
dikes cut, rather than below, seems war- 
ranted from the evidence at hand. 
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ABSTRACT 


At Cornucopia, Oregon, a brecciated zone in granodiorite was recently intersected by one of the long 
mining tunnels. In this zone granodiorite fragments grade into an aplitic matrix. Structural and petro- 
graphic evidence indicates, that, although tectonic forces formed: the breccia, hydrothermal solutions 
rich in silica pervaded the coarse cataclastic zone with its innumerable associated fracture and shear planes 
as well as the finely crushed portions of the zone, which were especially susceptible to metasomatic replace- 
ment. The larger granodiorite fragments were either wholly or in part soaked with these solutions which 


effected an aplitic replacement. 


INTRODUCTION 


Aplites are of common occurrence at 
Cornucopia, a gold-quartz mining dis- 
trict in the southeastern portion of the 
Wallowa Mountains of northeastern 
Oregon. From a superficial examination 
the origin of many of these aplites might 
be explained as orthomagmatic. How- 
ever, field evidence afforded by over 25 
miles of underground mine workings, as 
well as extensive glaciated surfaces, in- 
dicates that such a simple explanation is 
inadequate. Individual occurrences have 
furnished positive criteria, which collec- 
tively have formed the basis for an alter- 
native hypothesis. Evidence has been 
previously presented by the senior au- 
thor indicating that many of the aplite 
dikes in this area have originated by 
hydrothermal replacement along lines of 
fracture, which cut either granodiorite or 
hornfels.2, Among the criteria demanding 
this interpretation were the extreme 
variations in the width of the dikes, the 
structural evidence that their emplace- 
ment had not been accompanied by any 

* Presented at the Boston meeting of the Geo- 
logical Society of America, December, 1941; abstract 
in Bull. Geol. Soc. Amer., Vol. LII (1942), pp. 1907-8. 

2 “Pre-tertiary Metasomatic Processes in the 
Southeastern Portion of the Wallowa Mountains 
of Oregon,” Proc. 6th Pacific Sci. Cong. (1939), 


Pp. 399-422. 


dilation, and the petrographic evidence 
of crystalloblastic textures. 

Although aplite is usually considered 
to be a magmatic differentiate, this ex- 
planation has presented many difficul- 
ties, especially with regard to association 
of aplite and pegmatite.* In 1935 Bastin 
presented evidence that the aplites as- 
sociated with the cobalt-silver ores of 
Ontario were of hydrothermal origin. 
Here they occur both in irregular bodies 
and in sharply defined veinlike or dike- 
like masses varying in width from a mere 
seam to 1 or 2 feet. Bastin called atten- 
tion to the fact that Bowen in 1910 in- 
terpreted the irregular masses of so- 
called ‘‘red rock,’”’ which has the petro- 
graphic characteristics of an aplite, as 
being the product of hydrothermal al- 
teration. 

Many of the aplite dikes at Cornu- 
copia fail to reveal evidence bearing 
upon their mechanism of formation, be- 
cause, as is expected, transitional stages 
have been obliterated. However, a zone 

3 “Dilation and Replacement Dikes,” Jour. Geol., 
Vol. XLVIII (1940), pp. 175-95. 

+ Albert Johannsen, A Descriptive Petrography of 
the Igneous Rocks, Vol. I1 (Chicago: University ol 
Chicago Press, 1932), pp. 91-97. 

5“Aplites of Hydrothermal Origin Associated 
with Cobalt-Silver Ores,” Econ. Geol., Vol. XXX 
(1935), PP- 715~34- 
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REPLACEMENT APLITE BRECCIA 


of aplite breccia intersected by an adit 
tunnel during the summer of 1941 pre- 
sents such a complete array of positive 
criteria that the writers feel fully war- 
ranted in postulating a mode of origin at 
variance with the classical orthomagmat- 
ic interpretation. 


265 


schist or recrystallized schist. On the 
wet walls of the tunnel the pinkish and 
cream-colored aplite matrix makes a 
vivid contrast with the original gray 
color of the granodiorite. It is thus im- 
mediately apparent that the central por- 
tions of at least most of the larger 


Fic. 1.—Brecciated zone exposed in Cornucopia adit tunnel showing angular granodiorite blocks with 
relatively fresh central portions. The light-colored aplite forms both the matrix and the peripheries of the 
blocks. The dark interstitial material is a fibrous aggregate, chiefly actinolite. Area shown is about 3 feet 


across. 


This zone is about 125 feet wide, dips 
steeply to the east, is about 2,000 feet be- 
low the surface, and 1 mile west of the 
main contact of the granodiorite and the 
hornfels. It is well within the granodio- 
rite, which is dominantly a gray, coarse- 
grained rock containing local relics of 


blocks, which range up to 2 feet across, 
are composed of granodiorite into which 
the aplite grades (Fig. 1). In the individ- 
ual blocks the relative proportion of 
aplite and granodiorite varies, but in gen- 
eral the smaller blocks are predominant- 
ly aplitic. The transition is marked 
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principally by the gradual depletion in 
the granodiorite of the mafic constitu- 
ents which consist chiefly of biotite. 
This change has had no marked effect on 
the angularity of the larger individual 
blocks. 

Some portions of the breccia are whol- 
ly aplitic. These usually exhibit angular 
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tion of magmatic origin commonly as- 
sociated with the name. 

Many of the contacts between the 
fine-grained and the coarse-grained aplite 
are gradational. The fine-grained aplite, 
definitely of later origin, locally tran- 
sects the coarse-grained aplite in small 
irregular dikes or veinlets and also heals 


Pa a 
Fie 


Fic. 2.—Tunnel wali showing a fracture zone filled with a mafic aggregate which contrasts with the 
adjacent aplite. On the right are relics of granodiorite in a matrix of fine, pinkish aplite. Area shown is about 


3 feet across. 


relics or phantom relics of granodiorite 
(Fig. 2). The aplitic matrix of the brec- 
cia varies from a coarse texture similar 
to that of the granodiorite to a fine- 
grained, typically aplitic texture. Since 
this matrix corresponds to an aplite or 
alaskite in texture and mineral composi- 
tion, the term “‘aplite’’ will be used to des- 
ignate it, notwithstanding the implica- 





some of the fractures in the breccia. 
Many of these fractures, however, are 
filled with radiating clusters of dark 
green actinolite (Figs. 1 and 2) associ- 
ated with carbonate, biotite, and chlo- 
rite, and some with intergrowths of 
quartz and feldspar. The chloritic ma- 
terial also occurs as a soft, grayish-green 
aggregate between the blocks, while a 
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few of the interstitial spaces are filled 
with distinct, roughly columnar crys- 
tals of heulandite arranged in comblike 
structure. The local occurrence of the 
mafic material clearly delineates the 
extent of brecciation. In spite of these 
later cavity-filling minerals, some open 
voids remain between the fragments as 
angular cavities ranging up to 1 foot or 
more in diameter (Fig. 3). 

The zone of brecciation appears to 
have undergone recurrent fracturing. 
Irregular, noncontinuous, slickensided 
surfaces transect both the aplite and the 
granodiorite relics. Some portions of the 
breccia show minute, roughly parallel, 
irregular fracture planes. Some of the 
smaller openings, which are along frac- 
ture planes, are like vugs in that they are 
lined with crystals. In spite of the frac- 
turing, the rock is so cohesive that the 
tunnel stands perfectly without timber- 
ing and permits the procurement of 
large specimens exhibiting all phases of 
the breccia. Lantern-slide-sized thin sec- 
tions of the contact relations could even 
be made (Figs. 4 and 5). 

The whole exposure of the breccia in 
the tunnel shows an intimate association 
of large granodiorite fragments in all 
stages of transition to the coarse-grained 
aplite and locally to the fine-grained 
facies. This association is distinctly hap- 
hazard throughout the breccia. There is 
no marked change in proceeding from 
one wall of the brecciated zone to the 
other, and within the breccia there is no 
large-scale alignment of any type but 
merely the suggestion of the predomi- 
nant lines of shear inclined steeply to the 
east. All the facies show fracturing 
which is emphasized wherever a concen- 
tration of later mafics cements the frac- 
tured rock. 


REPLACEMENT APLITE BRECCIA 


PETROGRAPHY 


GRANODIORITE 


The granodiorite in the unaltered frag- 
ments of this breccia is dark gray in color, 
coarse grained, and slightly uneven in 
texture, with a few larger feldspar crys- 
tals having a rectilinear outline and ap- 
proximately 57mm. in size. Subhedral 
feldspars averaging 2 mm. in size con- 
stitute about 72 per cent of the rock. 
Anhedral quartz of about the same size 





Fic. 3.—Tunnel wall showing the survival of 
open cavities between the blocks of granodiorite 
and aplite. The cavities are in part lined with drusy 
crystals of zeolite. 


(with a few as large as 4 mm.) forms 
about 21 per cent. Similar-sized flakes of 
biotite with a few as large as 5 mm. 
make up the remaining 7 per cent of the 
rock. 

Under the microscope the texture is 
seen to be hypautomorphic granular with 
subhedral andesine (An,,) and a little 
microcline. Most of the plagioclase 
ranges from 1 to 3 mm. in size, with sev- 
eral smaller feldspars, which are approxi- 
mately 0.25 mm. in size. Many of the 
feldspars are relatively fresh, some are 
turbid owing either to minute inclusions 
or to partial kaolinization, and others 













Fic. 4.—Three-inch thin section of partially altered granodiorite cut by two narrow mylonitic zones in 
which aplite has developed. Plane light. 
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Fic. 5.—Two-inch thin section of the margin of a granodiorite block showing gradual depletion of mafic 
constituents from right to left, accompanied by diminution of grain size. The fine aplite may be seen both in 
an irregular vertical zone near the right and in an irregular embayment in the upper left. Plane light. 
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exhibit sieve structure with included 
grains of quartz or smaller crystals of 
feldspar. Complex twinning and _ pro- 
gressive and oscillatory zoning are com- 
mon. The outer portion of zoned pla- 
gioclase is more sodic; Although most of 
the larger as well as mnany of the smaller 
feldspars are subhedral, all of them show 
sutured interlocking Boundaries with the 
adjacent minerals. Biotite, which to a 
small extent has been altered to chlorite, 
forms the dominant mafic constituent, 
and hornblende occurs merely as scat- 
tered shreds. Sphene and zoisite are the 
most noticeable of the minor accessories. 
Small grains of the former mineral are as- 
sociated with the hornblende and in- 
cluded in some of the flakes of biotite. 
In one thin section a minute veinlet of 
sphene intersects two plagioclase crys- 
tals. The granodiorite also contains a 
lew small crystals of zircon and apatite 
and some minute grains of magnetite or 
imenite. Locally adjacent to the con- 
tact with the aplite a mineral of low 
refringence and very low birefringence 
occurs in association with the inter- 
stitial fine-grained aggregate of quartz 
and feldspar. This appeared to be a 
zeolite. 


COARSE-GRAINED APLITE 


In the field occurrence and in hand 
specimens a textural similarity of the 
coarse-grained aplite to the granodiorite 
is very noticeable in spite of their 
marked difference in color. The gran- 
odiorite is dark gray in color, while in 
contrast the coarse-grained aplite is 
nearly pure white with a very slight 
cream tinge. The almost identical tex- 
ture of the two rock types is easily dis- 
cerned on a polished section or in a 
large thin section. It may then be read- 
ily seen that the larger quartz and feld- 
spar crystals of the aplite approximate 
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the shape and size of those of the gran- 
odiorite; that the interstitial matrix is a 
fine-grained quartz-feldspar aggregate; 
and that the few shreds of chlorite have 
the appearance of replaced biotite. An 
increase in the amount of quartz is also 
apparent, probably raising the content 
to at least 15 per cent over that of the 
granodiorite. 

The microtexture is distinctly un- 
even xenomorphic to hypautomorphic 
granular with larger plagioclase (2-3 
mm.) and quartz aggregates (5-6 mm.) 
in a fine-grained groundmass which is 
dominantly quartz and feldspar. The 
feldspars which are essentially similar 
to those in the granodiorite are, how- 
ever, more kaolinized. Cataclastic 
structures are noticeable. Some of the 
larger feldspars are traversed by roughly 
parallel cracks, and others are cleanly 
cut off by shearing. The quartz-feldspar 
groundmass which may constitute 40 
per cent of the rock has a finely com- 
minuted appearance. The groundmass 
is turbid, owing, presumably, to kao- 
linitic material; and some of the ground- 
mass contains interstitial material of low 
refringence and very low birefringence, 
which is probably zeolitic. A relatively 
clear mineral in the groundmass is prob- 
ably albite, which would account for the 
fact that a spectrographic analysis 
showed that soda was the dominant 
alkalic constituent. The borders of the 
larger feldspars and quartz are irregular, 
and there are local penetrations of the 
groundmass into these minerals. 

As minor accessories, scattered grains 
of sphene are common, and some of the 
sections show a few small crystals of 
zoisite and a few minute grains of an 
isotropic mineral which may be garnet. 
In one of the sections a rather large 
zeolite contains small acicular crystals of 
actinolite, which more commonly occurs 
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as interstitial coarse plumose aggregates 
locally altered to chlorite. Some of 
these coarse mafic aggregates contain a 
considerable amount of diopside and a 
little calcite. Carbonate is also present 
as a filling of minute fractures. A small 
amount of biotite, in part, partially 
altered to chlorite, is present in some of 
the sections. Chlorite also occurs in 
small flakes. 


FINE-GRAINED APLITE 


Both in the tunnel walls and in large 
hand specimens the finer-grained facies 
of the aplite are associated with the ma- 
trix as if filling original fracture zones of 
the breccia, as well as in the form of 
small irregular dikes and veinlets which 
transect the coarser aplite or granodio- 
rite (Fig. 4). However, complete tran- 
sitions from fine-grained to coarse- 
grained aplite are most noticeable. 
Megascopically the fine-grained facies is 
a typical aplite and ranges from slightly 
pinkish white to pinkish in color. It is 
finely saccharoidal, even-grained in tex- 
ture, with occasional coarse grains of 
feldspar and quartz which increase in 
number as it blends into the coarse- 
grained aplite (Fig. 5). None of the 
small dikes or veinlets of this aplite show 
any chilled borders. Where they tra- 
verse granodiorite, relics of altered maf- 
ics are included, as well as grains of 
quartz and feldspar. These inclusions 
are particularly noticeable on polished 
sections or in large thin sections. 

Petrographic examination shows this 
aplite to have a fine xenomorphic gran- 
ular texture locally rendered uneven by 
the presence of larger grains of feldspar 
and quartz. These two minerals also 
form the principal constituents of the 
aggregate, but here they occur in a 
mosaic with intricately sutured bound- 
aries which locally enclose small angular 
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quartz grains as a fairly common con- 
stituent (Figs. 6 and 7). Some phases, 
however, are definitely cataclastic and 
even associated with minute lines of 
shear (Figs. 8 and g). This later type, 
which resembles a mylonite, may be 
sharply defined or with innumerable 
variations may grade almost impercep- 
tibly into typical fine-grained aplite. 
The comminuted type has usually been 
rendered turbid by kaolinitic and fer- 
ruginous material. The grains that form 
the sutured mosaic are clearer. Most of 
the feldspar in this type especially is un- 
twinned. This fact, together with the 
fineness of the grain, prevents accurate 
determination, but it is probably albitic 
in composition. Intimately associated 
with this fine-grained aggregate is a 
mineral of low refringence and very low 
birefringence, which is probably one of 
the zeolites. Other minerals present in 
the fine-grained facies are sphene in ir- 
regular grains, small crystals of zoisite, 
some isotropic grains of spinel and gar- 
net, and a few crystals of zircon. A 
little sericite and carbonate are present 
in some of the sections, and in a few the 
fine-grained aplite contains minute flakes 
of biotite, many of which are in align- 
ment. These flakes are included by and 
penetrate the quartz and feldspar of the 
fine-grained aggregate and are not de- 
veloped ixterstitially. 


CONTACT RELATIONS OF GRANODIORITE IN 
COARSE-GRAINED APLITE MATRIX 

As previously mentioned, there is a 
marked color contrast between the fresh 
granodiorite fragments and the aplitic 
matrix with but little change in texture. 
This feature is well shown by polished 
sections or large thin sections cut across 
contacts of coarse-grained aplite and 
granodiorite. Some specimens show a 
gradual diminution in the amount of 
































Fic. 6.—Photomicrograph of a transition be- Fic. 7.—Photomicrograph of a transition between 
tween the granodiorite and aplite showing partially the granodiorite and aplite showing partially cor- 
corroded and kaolinized feldspar in an irregular _ roded and truncated feldspars in an irregular mosaic 
mosaic of quartz and albite. Crossed Nicols. 5mm. _ of quartz and albite. Crossed Nicols. 5 mm. 


Fic. 8.—Photomicrograph of the coarse aplite Fic. 9.—Photomicrograph of coarse aplite with 
transected by fine aplite in minute mylonitic zones. _ fine aplite in mylonitic zone. Crossed Nicols. 5 mm. 
Crossed Nicols. 5 mm. 
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mafic minerals from the granodiorite to 
the aplite with chloritized, flakes of 
biotite included in the aplite several 
inches away from the contact. The 
photograph of a polished section cut 
across one of these contacts shows the 
similarity in grain size between the gran- 
odiorite and the coarse aplite (Fig. 10). 
Other fragments of granodiorite have 
light-colored borders following faith- 
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grained aggregates of quartz; quartz and 
feldspar; and quartz, feldspar, zeolites, 
and some carbonate (Figs. 8 and 4g), 
These sections also show a gradual in- 
crease in the relative proportion of these 
interstitial aggregates to the earlier 
coarse quartz and feldspar of the gran- 
odiorite (Fig. 11). The original biotite of 
the granodiorite appears to be replaced 
by the fine-grained aggregates with lo- 





FIG. 10. 
size. Section 3 inches in length. 


fully the angularity of the fragment. 
There are all gradations in the degree of 
change in the fragments from normal 
granodiorite through those which show a 
decrease in mafic minerals to the phan- 
tom type, is which the remains of an an- 
gular granodiorite fragment are barely 
apparent from the survival of a few flakes 
of biotite. 

Thin sections adjacent to the con- 
tacts of the granodiorite and coarse 
aplite show numerous fracture planes 
and brecciated zones healed with. fine- 





Polished section across contact of granodiorite and coarse aplite showing similarity in grain 


cal development of later mafics such as 
chlorite and, more noticeably, actinolite. 


CONTACT RELATIONS OF FINER-GRAINED APLITE 

Many specimens show a gradual 
change from coarse- to fine-grained 
aplite, others exhibit relatively sharp 
boundaries between these two phases, as 
well as between the fine-grained aplite 
and the granodiorite. In other words, 
some of the coarse aplite, as well as some 
of the granodiorite fragments, are tran- 
sected by the fine-grained aplite in small 
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dikes and veinlets which have locally 
developed irregular embayments. 

However, it is apparent from thin sec- 
tions that cataclasis played a dominant 
role in producing the sharp boundaries. 
Incipient and well-developed — shear 
planes and imbricating fractures are 
readily discerned. Some, in fact, are 
mylonitic zones. Where there are two 
dominant planes, the intervening area is 
commonly a microbreccia. In some of 
these sections only the larger fragments 
of quartz and feldspar show traces of 
minute fracture planes, the groundmass 
being a very fine, even-grained aggre- 
gate. In two sections an alignment of 
small flakes of biotite in the groundmass 
suggests an accommodation to stress, 
and in one of these the minute flakes of 
biotite form a tail-like appendage to a 
feldspar fragment. 





Fic. 


11.—Photomicrograph of a fine aplitic 
mosaic interspersed with relic feldspars. Crossed 
Nicols. 5 mm. 


LATER MAFIC SEGREGATIONS 


A minor but most noticeable feature of 
this breccia is the occurrence of coarse 
plumose aggregates of mafics dominant- 
ly of — (Fig. 12). They occur in 
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the aplite, chiefly as fillings of angular 
fracture spaces, and show a sharp con- 
trast in color to the light-colored aplite. 
Minor fractures and brecciation in the 





Fic. 


12.—Photomicrograph of 
with plumose actinolite. Crossed Nicols. 5 mm. 


coarse aplite 


aplite are also clearly delineated by fill- 
ings of later mafics. Under the micro- 
scope it is seen that actinolite is the 
dominant mineral, with diopside abun- 
dant in some sections. In a few sections 
the actinolite is seen to be partly altered 
to chlorite. Sphene, carbonate, and ze- 
olites are also associated with some of the 
actinolite. 
CONCLUSIONS 

Irrespective of any interpretation of 
the origin of the aplite in this zone, the 
large-scale structural features show clear- 
ly that the breccia was the result of cata- 
clasis. That this cataclasis was inde- 


pendent of magmatic injection is proved 
by the presence of many open voids. 
That the cataclasis continued during and 
after the formation of the aplite is indi- 
cated by the fact that the shear planes 
cut all facies. The question remains as 
to whether an aplitic magma or a breccia 
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“mud” was injected into the shattered 
zone or whether the aplite was formed 
by hydrothermal solutions circulating 
through the zone. 

The breccia itself is testimony to the 
fact the original granodiorite was suffi- 
ciently cool to be a rigid solid. A magma, 
that is, a liquid silicate melt of aplitic 
composition, would have to be at a high- 
er temperature than the granodiorite 
fragments. Hence it would be expected 
that some regular change in grain size if 
not actual chilled borders would be found 
in the aplite, but these features do not 
occur. Another insurmountable heat dif- 
ficulty is imposed if it should be assumed 
that the aplitic magma has partly assimi- 
lated the granodiorite fragments which 
compose over 50 per cent of this rock 
body. The large number of partly 
changed granodiorite fragments would 
necessitate an extraordinarily active 
assimilative power on the part of the 
aplite magma. 

In a recent paper H. W. Fairbairn and 
G. M. Robson describe injection breccia 
at Sudbury, Ontario.° They advance the 
hypothesis that a breccia ‘“‘mud”’ satu- 
rated with water and under high tempera- 
ture and pressure was able to penetrate 
small crevices for scores of feet. They 
also believe that this mobile matrix was 
able to tear fragments from the walls and 
to comminute and transport them. In 
the aplite breccia at Cornucopia the pres- 
ence of open spaces, the gradational 
facies, and the shape, size, position, and 
number of fragments preclude such an 
injection mechanism as a major factor, 
although very local plastic flow of the 
finely crushed matrix is conceivable. 

On the other hand, the removal of the 
original mafics in the granodiorite, the 
gradual change of this rock into aplite, 


Jour. Geol., 


6 “Breccia at Sudbury, Ontario,’ 
Vol. L (1942), pp. 1-33. 
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and the presence of low-temperature 
minerals, such as the zeolitic material, 
strongly faver the interpretation that 
this aplite was formed by hydrothermal 
solutions and not by a magma. The 
comb structure of the larger zeolite veins 
and the structure of the later mafic 
(actinolite) filling of irregular fractures 
are also indicative of hydrothermal solu- 
tions. 

The writers think that they are war- 
ranted in advancing the following hy- 
potheses: 


1. That tectonic forces caused the brecciation of 
the granodiorite which, at that time, was a 
brittle solid 

2. That hydrothermal solutions rich in silica 
and soda pervaded the coarse cataclastic 
zone, with its innumerable associated frac- 
ture and shear planes, as well as the finely 
crushed portions of the zone 

3. That the finely crushed material was espe- 
cially susceptible to replacement and may 
have been, very locally, subjected to plastic 
flow 

4. That, as the hydrothermal solutions per- 

meated the brecciated zone, the granodiorite 
fragments were either wholly or in part 
soaked with these solutions 

. That these solutions effected a metasomatic 

replacement of the original granodioritic ma- 
terial characterized by the nearly complete 
removal of mafic constituents and a partial 
decomposition of the felsic constituents with 
concomitant deposition of quartz, albite, zeo- 
lites, and carbonate 

6. That recurrent fracturing aided locally the 
permeation of the hydrothermal solutions 

7. That as the hydrothermal solutions became 
enriched in iron and magnesium, derived 
from the replacement of the original mafics, 
they were forced to precipitate hydrothermal 
mafics in the later fractures 


a 


Since the many criteria which have 
been applied to the o@gurrence of this 
aplite indicate cher “eens 
played a dominant role in its formation, 
the term “replacement aplite breccia” 
is given to this rock body. 
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MINE WASTE AS A SOURCE OF GALENA 
RIVER BED SEDIMENT 


CLIFFORD ADAMS 


University of Iowa, lowa City 


ABSTRACT 


\ccelerated soil erosion, resulting from agriculture, has increased the rates of sedimentation in many 
streams and valleys in various parts of the United States. In the Galena River Valley, in southwestern 
Wisconsin and northwestern Illinois, the effect of soil erosion is complicated by sediment produced by mine 
wastes and tailings of the lead- and zinc-mining industry. A previous survey did not find an appreciably 
greater total volume of modern sediment (deposited since commercial mining and intensified soil erosion 
began) than in near-by valleys affected only by the influence of soil erosion. The present studies, by con- 
trast, show that comparisons of the carbonate content and texture of the mine wastes and stream-bed 
materials indicate that mining wastes do furnish a major part of the stream-bed sediment. This difference 
is probably due in part to the comparative coarseness of the mine wastes, which are mostly of sand size or 
larger and hence are not spread over the valley flood plain as freely as the silts and clays, which are de- 
rived chiefly from soil erosion. Rough comparisons indicate that the mine-waste materials formed something 
like two-thirds of the stream-bed deposits in the lower two-thirds of the Galena River in the summer of 1941. 


INTRODUCTION 

Evidence is mounting that the sedi- 
ment loads of many streams in this 
country have been greatly increased by 
intensified erosion, as a result of man’s 
interference with the balance of nature. 
Removal of the natural vegetation and 
cultivation of sloping lands certainly 
accelerates the rates of surface-soil 
erosion, and this must mean, ultimately, 
accelerated sedimentation. Not only 
have soils been destroyed by erosion, 
but other good soils have been buried, 
often beneath sterile sand deposits. This 
condition of accelerated valley sedimen- 
tation, resulting from soil erosion, has 
been under study by the Soil Conserva- 
tion Service since 1935, as has been re- 
ported in a bulletin of that agency.’ 

A preliminary survey of sedimentation 
in the Galena River Basin, in south- 
western Wisconsin and _ northwestern 
Illinois, was made in 1939 and 1940, as 
part of the Soil Conservation Service re- 


‘Stafford C. Happ, Gordon Rittenhouse, and 
G. C. Dobson, “Some Principles of Accelerated 
Stream and Valley Sedimentation,” U.S. Dept. 
Agric., Tech. Bull. 695 (1940). 
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search program. The writer participated 
in that survey and has described some of 
the results in an unpublished report.’ 
One of the features of the Galena area is 
the presence of large amounts of mine 
wastes, which add to the complexity of 
the sedimentation problem. An exten- 
sive lead- and zinc-mining industry, 
although no longer of great importance, 
has in the past contributed sizable heaps 
of rock waste and mill tailings, which in 
turn provide additional sediment for the 
streams. 
OBJECTIVES 


There is a serious flood problem in the 
city of Galena, about 5 miles up the 
Galena Valley from its confluence with 
the Mississippi flood plain, and there is 
evidence that sedimentation has aggra- 
vated this problem in the recent past and 
is continuing to make it worse. Galena 
was once a major port for Mississippi 
River steamboats, but the present Ga- 
lena River seems entirely inadequate to 


2 Clifford Adams, ‘‘Modern Sedimentation in the 
Galena River Valley.’”’ Unpublished thesis for the 
degree of Master of Science, Dept. of Geology, 
State University of Iowa, 1940. 
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have served for the volume of river 
traffic reported for the years from about 
1830 to 1860. Railway building and 
decline of the mining industry were 
major factors in the waning of Galena’s 
commercial importance, but it appears 
that there has also been appreciable 
filling of the river channel and aggrada- 
tion of the flood plain. A. C. Trow- 
bridge and E. W. Shaw’ and B. H. 
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Fic. 1.—Galena River drainage basin in Wis- 
consin and Illinois. 











Shockel* have ascribed this sedimenta- 
tion to the effects of agriculture and soil 
erosion; but locally the belief has per- 
sisted that the sediment is derived chiefly 
from the mine wastes. 

One object of the Soil Conservation 
Service survey was to determine whether 


3 “Geology and Geography of the Galena and 
Elizabeth Quadrangles,” Jil. Geol. Surv. Bull. 26 
(1916), pp. 13-171. 

4“Settlement and Development of Jo Daviess 
County,” Jil. Geol. Surv. Bull. 26 (1916), pp. 173 
228. 
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the Galena Valley sedimentation, during 
the period since white settlement, be- 
ginning about 1820, has been due chiefly 
to soil erosion or to mining wastes. Not 
all the data from this survey have yet 
been prepared for publication, but pre- 
liminary indications are that the modern 
sedimentation in the Galena Valley has 
been neither thicker nor more extensive 
than in near-by valleys affected by soil 
erosion but not by mining wastes. Study 
of two adjacent tributaries of the 
Galena—New Diggings Branch, which 
receives surface runoff from many mine 
waste piles, and Kelsey Branch, which 
has almost no mining in its drainage 
area—failed to show any significant 
differences in the amounts of modern 
sediment in these tributary valleys. Hun- 
dreds of borings on the Galena flood plain 
showed that the modern sediment over- 
lying the old dark topsoil was typically 
a brown silt, apparently indistinguish- 
able from flood-plain deposits in other 
valleys in which there is no possibility 
of mine-waste contamination. The ten- 
tative conclusion, therefore, is that most 
of the Galena Valley sediment has been 
derived from soil erosion. 

After it became evident that most of 
the overbank flood-plain deposits prob- 
ably were derived from soil erosion, 
there was still a question as to whether 
the coarser stream-bed sediment might 
be derived more largely from the mine 
wastes. It appeared that this might be 
determined by a laboratory study of the 
carbonate content of the stream-bed 
materials, for the mine waste is com- 
posed chiefly of limestone and dolomite, 
whereas outside the mining areas the 
stream-bed materials are mostly chert. 


PROCEDURE 
Samples of the stream-bed sediment 


were collected at 51 places on the 
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Galena River, and at 24 or 25 places on 
each of the five larger tributaries. At 
each place a composite sample was ob- 
tained by scooping up a pint container 
of sediment at intervals of 4 feet across 
the channel bed, following the procedure 
used by the Soil Conservation Service 
in bed-load studies at Greenville, South 
Carolina.’ The samples from each tribu- 
tary were taken at approximately equal 
intervals from the head of the continu- 
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miles more variable spacing was neces- 
sary because of difficulties in sampling in 
deeper water, and collections were made 
from each of 6 bridges. Of the tributaries 
sampled, Shullsburg Branch, New Dig- 
gings Branch, and Coon Branch are in the 
most active mining areas, and Kelsey 
Branch and East Fork drain areas in 
which there has been very little mining 
activity. 

Samples were split to approximately 





Fic. 2. 


Galena River from highway bridge in Galena. This is in the reach where sedimentation seems 


to have reduced the size of the channel considerably since Galena was an important port for Mississippi 


River steamboats. 


us channel down to the confluence with 
the Galena River. On the Galena River 
the uppermost sample was taken about 
smiles below the head of the stream and 
about 1 mile above the first old mine 
lump from which there can be direct 
ontribution to the river. Samples were 
laken about 5 mile apart, thence to with- 
n 7 miles of the mouth. In the lower 7 


5H. A. Einstein, Alvin G. Anderson, and Joe W. 
johnson, ‘‘A Distinction between Bed-Load and 
Suspended Load in Natural Streams,” Amer. 
seophys. Union, Trans. Ann. Meeting 21, Part II 
1940), pp. 628-33. 





30-gram size, crushed, weighed, treated 
with a 15 per cent solution of HCl, and 
placed in an 
stopped. The solution was then filtered, 
and the insoluble residue was washed 
with water, dried in a sand bath, and 
weighed. The percentage of carbonate 
was computed from the difference be- 
tween the original weight and the weight 
of the insoluble residue. Duplicate anal- 
yses were run on some samples but not 
on all. In most instances the results of 
duplicate analyses were in close agree- 


oven until reaction had 








Sample 
Number 


Ge-t.... 
Ga-2 
Ga-3 
Ga-4. 
Ga-5 
Ga-6 
Ga-7 
Ga-8. 
Ga-g. 
Ga-1o0 
Ga-11. 
Ga-12. 
Ga-13 
Ga-14 
Ga-15 
Ga-16 
Ga-17 


Ga-18... 
Ga-19 
Ga-20 
Ga-21. 
Ga-22 
Ga-23. 
Ga-24. 
Ga-25. 
Ga-26 
Ga-27 
Ga-28 
Ga-29 
Ga-30 
Ga-31. 
Ga-32 
Ga-33 
Ga-34 
Ga-35 
Ga-36. 
Ga-37. 
Ga-38. 
Ga-39 


Ga-40 
Ga-41. 
Ga-42. 
Ga-43 
Ga-44 
Ga-45. 
Ga-46 


Ga-47. 
Ga-48 
Ga-49 
Ga-50 
Ga-51.. 
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TABLE 


Location* 





* Most of the sampling sites are located relative to ‘‘r 
which cannot be shown on the accompanying small-scale map 
apart, measured along the valley axis, with range 37 being approximately at the point where the Galena 
River empties into the Mississippi River flood plain. 
the Mineral Point, Wisconsin, and Galena, Illinois, quadrangles. 


Range 5 (west of Elk Grove) 

Between ranges 5—6 (southwest of Elk Grove) 

Range 6 (northeast of Elmo) 

Between ranges 6-7 (east of Elmo) 

Range 7 (northeast of St. Rose) 

Between ranges 7-8 (above Pats Creek) 

Range 8 (at Meekers Grove) 

Between ranges 8-9 (above Madden Branch) 

Range 9 (below Madden Branch) 

At highway between ranges 9-10 

Range 10 

Between ranges 11-12 

Range 12 

Between ranges 12-13 (northeast of Benton) 

Range 13 (east of Benton) 

Between ranges 13-14 (southeast of Benton) 

Range 14 (cutoff channel near Benton-Shullsburg high 
way) 

Between ranges 14-15 

Range 15 

Between ranges 15-16 

At highway between ranges 16-17 

100 yards above mouth of Shullsburg Branch 

Range 17 (below Shullsburg Branch) 

100 yards above New Diggings Branch 

100 yards below New Diggings Branch 

Range 19 (east of Strawbridge) 

Between ranges 19-20 

Range 20 

100 yards above Kelsey Branch 

100 yards below Kelsey Branch 

At highway between ranges 21-22 (at Buncombe) 

100 yards above Coon Branch 

100 yards below Coon Branch 

Range 22 (above Scrabble Branch) 

100 yards (below Scrabble Branch) 

Range 23 

Above tributary between ranges 23-24 

Below tributary between ranges 23-24 

200 yards above highway between ranges 25-26 (Mill 
brig) 

Range 26 

Range 28 

100 yards above mouth of East Fork 

100 yards below mouth of East Fork 

Range 29 (3 mile below mouth of East Fork) 


Range 30 (3 mile above Galena-Scales Mound highway) | 


At Galena-Scales Mound highway, between 
north edge of Galena 

Green Street bridge, Galena 

U.S. Highway 20 bridge, Galena 

Illinois Central R.R. bridge, Galena 


30-31 
At bridge, 


Pe C.B. & Q. R.R. bridge, mouth of Galena River 
| 


ranges 


ranges | 


| 
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CARBONATE CONTENT OF STREAM-BED SAMPLES FROM GALENA RIVER 


Percentage 
Carbonate 
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ment, but in a few instances they differed 
more than o.5 per cent, and in these 
cases neither figure was used in the 
further study. 
RESULTS OF CARBONATE TESTS 

The carbonate content determined for 
each of the Galena River samples is 
given in Table 1, and the corresponding 
determinations for the samples from 
tributaries are given in Table 2. From 
these data it is evident that the carbon- 
ate content generally does not exceed 
20 per cent where there is little or no 
opportunity for mine waste contribution, 
as in Galena samples 1 and 2 and in the 
samples from Kelsey Branch and East 
Fork, which have little mine waste in 
their drainage basins. The mine-waste 
material has been used extensively for 
highway surfacing throughout the entire 
area, and wash from the roads may 
account for part of the carbonate con- 
tent in the samples remote from mines or 
waste piles. Below the major source of 
mine waste, on the other hand, the car- 
benate content of the stream-bed ma- 
terials usually exceeded 50 per cent and 
reached a maximum of 79.4 per cent in 
sample 46 from the Galena River. This 
sample was collected near the bridge on 
the Scales Mound-Galena highway, 
about 6 miles above the mouth of the 
Galena River; there the bed material to 
a depth of about 3 feet was coarse sand, 
composed almost entirely of recognizable 
mine waste and with the particles show- 
ing only slight effects of abrasion during 
transportation. 


INTERPRETATION OF RESULTS 

One of the few active mines in the 
area at the time of study was located 
near the head of Ellis Branch about 3 
miles southeast of Shullsburg. Tailings 
from this mine were being washed into a 
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waste pile, from which samples were ob- 
tained before there had been any rain on 
the freshly deposited material. The fresh 
material tested 77.5 per cent carbonate, 
which is only slightly higher than the 
carbonate content of a number of stream- 


TABLE 2 
CARBONATE CONTENT OF STREAM-BED 
SAMPLES FROM TRIBUTARIES OF 
THE GALENA RIVER 


(Percentage Carbonate) 


Sample Shute New Kelsey Coon East 
Number burg | Diggings Branch Branch Fork 
Branch | Branch 
I 17.4 14.9 11.8 53.6 ’.2 
2 14.3 20.2 8.7 55-9 6.0 
3 24.8 17.7 16.5 60.0 19.1 
4 16.6 14.9 13.8 44.6 8.6 
5 13.6 13.3 17.6 57-7 3.6 
meses 30.6 20.6 10.1 70.4 10.7 
7 27-9 24.0 10.9 04.3 15.0 
8 37-5 17.3| 22.2 73-3 11.1 
9 47-3 II.9 14.0 00.7 22.4 
Io 22.4 13.7 8.9 5°.9 16.6 
II 37.6 25.9 17.0 70.4 19.6 
12 38.0 18.4 12.5 33-4 14.3 
13 53.1 30.8 14.5 58.6 14.6 
14 45-3 21.6 10.7 56.2 16.3 
15 66.2 44.7 20.4 43.4 20.6 
10 39.0 59.3 II.5 oF .3 22.7 
17 5¢.3 29.6 15.3 54-4 25.9 
15 54-7 44.0 13.2 39.5 24.3 
IQ 40.0 50.2 26.8 60.8 18.9 
20 47.8 66.6 16.6 65.4 15.5 
21 41.7 55-5 16.2 63.6 14.7 
22 53.2 04.4 23.1 64.0 24.2 
23 44.4 73-3 15.7 |48.9-72.2| 26.8 
24 40.1 69.1 19.0 04.2 25.5 
25 635.5 59-7 | 17-7 
Aver 

age 37-9 35-7 15.5 59-9 17.4 


bed samples collected a short distance 
below large dumps of major mine waste. 
Thus it appears reasonable to estimate 
that the average carbonate content of 
mine waste approximates the value of 
77.5 per cent. If the nonmine waste 
stream-bed materials average something 
less than 20 per cent carbonate, as is in- 
dicated by the available data, then an 
equal mixture of the two would have a 
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carbonate content of about 45 per cent. 
Below the mouth of Shullsburg Branch, 
the uppermost important tributary ob- 
viously carrying much mine-waste ma- 
terial, the main stream samples have an 
average carbonate content of 54 per cent. 
This represents about the lower two- 
thirds of the Galena River. Most of the 
obvious sedimentation and flood damage 
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time to time, owing to variable contri- 
butions from different tributaries, but 
there is no apparent reason to think 
that the conditions were unusual in the 
summer of 1941. 

Aside from the few operating mines, 
from which some tailings were washed 
directly into tributary streams, mine 
waste appeared to be entering the stream 





Fic. 3. 
Stream-bank exposure in foreground shows about 2 feet of “modern” sediment overlying the former dark 
topsoil horizon. About 4 mile east of New Diggings, Lafayette County, Wisconsin. 


is in the lower 7 miles of the valley, below 
the mouth of East Fork, where 9 
samples have an average carbonate con- 
tent of 56 per cent. From these figures 
it is estimated that mine waste contrib- 
uted something like two-thirds of the 
bed material in the lower two-thirds of 
the Galena River, including the reach 
where sedimentation is a factor in a 
serious flood problem. Presumably the 
mine-waste contribution varies from 








Large pile of mine-waste tailings, with another pile of coarser rock waste in the left background. 


system chiefly by lateral bank erosion of 
old mine dumps. The valleys have been 
convenient places to dispose of the waste 
materials, and there are many such 
waste piles located where they are sub- 
ject to lateral erosion by the streams. 
There are also many alluvial fans of 
mine waste, particularly of tailings 
washed into the valleys from adjacent 
hillsides, and some of these have now 
been channeled and are being dissected. 
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Rain wash does not appear to be very 
effective in selective removal of the 
finer particles from the waste piles, 
after these have been formed. Samples 
from the waste piles at 54 large mines, 
none of which were in operation in 1941, 
show an average of 72.8 per cent coarser 
than 4 mm., and only a trace finer than 
+ mm. The fresh tailings from the mine 
southeast of Shullsburg were 73.1 per 
cent coarser than 4 mm. and showed 
only a trace finer than § mm. The surplus 
tailings-water draining off the latter 
dump carried a suspended load of 0.55 
grams per quart sample, of which 43 per 
cent was finer than § mm., but only 3 
per cent finer than ;’, mm. These rela- 
tions suggest that there is appreciable 
contribution of very fine sand to the 
streams in the direct discharge from the 
tailings dumps but that there is not 
much selective removal of finer particles 
after the waste piles are formed. This 
conforms to conditions observed in the 
field. Soon after the mine waste is 
dumped on the piles a well-cemented 
crust forms on the surface. This process 
continues with time so that, if left undis- 
turbed, the whole pile may become 
firmly consolidated. During hard rain 
on September 9, 1941, a quart sample of 
the runoff from a large mine-waste pile in 
New Diggings Valley carried only o.o1 
gram of sediment, varying from 3 to ,', 
mm. in size. At the same time a similar 
sample of the runoff from a near-by cul- 
tivated field contained 7.31 grams of 
sediment. Apparently the greater part 
of the suspended load comes from the 
cultivated fields, not from the mine 
dumps. Thus there is no reason to 
think that contribution of mine waste 
has become progressively larger as more 
piles of mine waste have become subject 
to erosion. It is more probable that 
there was a larger amount of mine waste 
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entering the stream system during pre- 
vious years of greater mining activity, 
especially at the time of most active 
zinc mining during the First World 
War. 

The coarseness of the mine-waste 
material is probably one of the principal 
reasons why it contributes a major part 
of the stream-bed sediment but appar- 
ently does not contribute much of the 
overbank flood-plain deposits. Numer- 


TABLE 3 


TEXTURE OF SELECTED SAMPLES 
OF MINE WASTE 


SAMPLES FROM TAILINGS 
OF OPERATING MINE 


SOUTHEAST OF SHULLS AVERAGES OF 


BURG, IQ4I SAMPLES 
FROM 
Siz | WASTE 
GRADE Suspended PILES AT 
(MM.) Fresh De Load in 54 OLD 
posit on Discharge MINES 
Waste Pile | from Waste | (Percenrt- 
(Percent- | Pile age) 
age) (Percent 
} age) 
16-8 4.0 
5-4 73-1 68.8 
4-2 12.4 11.3 
o~7 7.8 10.1 
I~} 3-7 4.1 
2-4 2.2 12.0 1.6 
a4... 0.7 45.0 Trace 
bie | Trace 40.0 
Below ;'5..... .} 3.0 


ous test borings have shown that the 
modern flood-plain deposits are chiefly 
silt and clay, but the mine wastes are 
chiefly of sand size or larger. Evidently 
the occasional floods either do not carry 
enough of the sand out of the channel to 
make a major contribution to the over- 
bank deposits, or else the finer silt and 
clay particles, which appear to be de- 
rived chiefly from soil erosion, are so 
much greater in bulk that they com- 
pletely dominate the sands derived from 
mine waste. Present data are not ade- 
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quate for any quantitative comparison 
between these two sources of sediment, 
nor can it yet be said how much of the 
mine-waste material is progressively 
accumulating in the Galena River and 
how much is being exported to the 
Mississippi. 


EFFECT OF WASTES FROM ACID PLANT 


Coon Branch, one of the Galena 
tributaries most heavily laden with mine 
wastes, also receives a considerable 
amount of waste material the 
Vinegar Hill sulphuric acid plant, _lo- 
cated between Benton and Cuba City 
near the head of this tributary. This 
waste is bluish gray in color, carries 
some acid, has a characteristic pungent 
odor, and is largely of silt size. The dis- 
charge from this plant, into Coon 
Branch, is said to have been 3,500 
gallons per minute since 1912. In spite 
of a filter system installed in 1940, a 
quart sample of the outflow collected in 
1941 was found to carry 12.72 grams of 
sediment, equivalent to approximately 
380 pounds of solids per minute. This 
material is recognizable in the sides and 
bottom of Coon Branch channel, and it 
often renders the water cloudy. Much 
of the time the water is unfit for use of 
livestock for some distance below the 
acid plant, and at times the contamina- 


from 
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tion is pronounced all the way to the 
confluence with the Galena River, a dis- 
tance of about 6 miles. This bluish-gray 
silt is recognizable in the flood-plain 
deposits along Coon Branch, and it is 
presumably responsible for the poor con- 
dition of the pasture here. Much of this 
waste, different from any other in the 
Galena area, finds its way into the main 
stream, but it has not been recognized in 
the deposits below the confluence. 
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REVIEWS 


Historical Geology of North America, Vol. II: 
Stratigraphy of the Eastern and Central United 
States. By CHARLES SCHUCHERT. New 
York: John Wiley & Sons, Inc., 1943. Pp. 
1013; pls. 4; figs. 123. $15. 


According to the author, the main object of 
this work is to present objective data used in the 
making of his paleogeographic maps. The book, 
of course, goes much further than the expressed 
purpose and will be looked upon as a valuable 
compendium of the stratigraphy of the eastern 
half of the United States. With the completion 
of this volume, approximately two-thirds of the 
original project has been consummated. It re- 
mains for the third volume, with the philosophi- 
cal conclusions and atlas, to complete the work. 

Schuchert’s latest work is astonishing in 
view of the great amount of labor involved in its 
compilation. In no other one place is it possible 
to obtain a reasonably complete index to the 
stratigraphy of the region. Wilmarth’s lexicon, 
though containing references to more strati- 
graphic units in the same area and in general 
containing more complete discussions of the 
units, presupposes considerable knowledge of 
local stratigraphy before it can be used. Thus, 
even though the primary purpose of this new 
book is to substantiate evidence for paleogeo- 
graphic maps, the volume will undoubtedly be 
found most useful as a geographic index en- 
abling quick reference to stratigraphic terms. 
It constitutes an excellent reference volume for 
research workers in stratigraphy and for teach- 
ers of stratigraphy. 

Source materials were the extensive litera- 
ture, augmented by a weaith of field experience. 
For a proper understanding of the book the 
teader must realize that the reference material 
is almost all dated since 1900 and in large part 
1910. Previous studies are presumed to 
have been reviewed fully in the later publica- 
tions. Of this much Dr. Schuchert informs us, 
but it is rather more difficult to ascertain the de- 
gree of currency of the latest references. Good 
coverage extends through 1938, and a few publi- 
cations into 1942 are mentioned. 

Volume II differs in makeup from Volume I 
in being largely abbreviated, in being arranged 
in ascending stratigraphic order, and in contain- 


since 


ing more extended preliminary or general re- 
marks. Some duplication of the first volume ob- 
tains regarding all or parts of Alabama, Arkan- 
sas, Florida, Georgia, Mississippi, and Texas. 

A helpful annotation of names is followed, 
whereby those accepted by the United States 
Geological Survey, rejected by that Survey, or 
rejected by the author are indicated. Biblio- 
graphic references are shortened by referring 
to authors’ names and the dates of publication 
only. From this information the references may 
be traced through the United States Geological 
Survey bibliographies. No bibliographic list is 
included. 

Quantitative growth of stratigraphic terms 
in America is reviewed in the Introduction, 
where it is indicated that the plethora of names 
is due in large part to mapping of chronologic 
units rather than of lithologic units. The au- 
thor, having devoted a long life to extending the 
utility of chronologic methods (and having 
written thousands of pages relating to paleo- 
geographic studies), has now recorded his sur- 
prising belief that lithologic maps would be 
preferable to chronologic maps because they 
could be completed more rapidly, thereby keep- 
ing pace with topographic surveying, and would 
have direct appeal to practical workers. Chron- 
ologic mapping presumably would then be in- 
cidental or at best decidedly secondary. The 
remainder of the Introduction is devoted to the 
philosophy of time and rock terms. 

In the chief portion of the text the subject 
matter is divided into parts, as follows: (I) ““The 
New York Standard,” (II) ““The States athwart 
the Appalachian Geosyncline,” (IIL) “The At- 
lantic Coastal Plain,” (IV) ‘““The States athwart 
the Cincinnati Anticline,’”’ (V) “‘The States 
around the Ozark Dome,” (VI) “The States of 
the Upper Mississippi Valley,” (VII) “The 
Eastern Plains States,” and (VIII) ‘“‘The States 
to the North and West of the Borderland Llan- 
oria.”’ States or portions of states are discussed 
under each of these parts or physiogeographic 
units. 

Discussion adheres roughly to the following 
pattern: A short introduction presents geo- 
graphic boundaries, major cultural features, 
topographic expression, chief structural fea- 
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tures, and in certain instances history of geo- 
logic endeavor. Following this is the strati- 
graphic sequence, divided into sections accord- 
ing to age and general geographic distribution; 
thus, under the discussion of Illinois (p. 625) we 
see a section entitled ‘‘ Middle Ordovician (Tren- 
ton Group)—North.”” Thereunder is listed the 
Galena dolomite, with a reference to the author 
of the name and an indication of the thickness 
of the formation; an obsolete name is noted; a 
reference is mentioned in which species were 
cited, and fifteen of these species are listed; ref- 
erence is then made to the National Research 
Council correlation charts in which strati- 
graphic equivalents are given; finally, eight ref- 
erences of more or less general nature are pre- 
sented without discussion. 

Following the above section is ‘‘Middle Ordo- 
vician (Trenton Group)—South.” Here the 
Kimmswick limestone is listed with an indica- 
tion that the type section is in Missouri; the 
thickness of the unit is stated; an obsolete name 
is given and a short statement of correlation is 
made; general references are recorded; nineteen 
species are listed; and we are referred to the dis- 
cussion of Missouri for further information. 

Paleozoic stratigraphy is the chief concern of 
the author, but some Mesozoic and Cenozoic 
stratigraphy is reviewed. Although pre-Cam- 
brian and Pleistocene histories are said in the 
Preface not to be given, they are referred to in 
the text. All told, about eleven hundred names 
of stratigraphic units are cited. 

There is very little discussion of the vast 
majority of formations listed other than such 
as that just mentioned. Areal extent or dis- 
tribution of the formations is almost entirely dis- 
regarded except for indications in which com- 
pass direction within a state the formation crops 
out or occurs. The missing information, how- 
ever, is supplied to some extent by the inclusion 
of a number of geologic maps, and an atlas is 
promised. The maps and charts are for the most 
part redrawn from publications with changes 
added. Schuchert’s correlation tables probably 
constitute the most valuable contribution in the 
book, since they embody most of the subjective 
analysis for which the author has been so highly 
regarded. 

The principal criticism of the book is that, 
although the work is concerned primarily with 
stratigraphy, geography governs discussion of 
stratigraphic units. Thus, for instance, in order 
to discover the distribution of the Kimmswick 
limestone, we must read material of equal im- 
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portance on pages 477, 625, 668, and 846. In no 
one place is the distribution of the formation 
given. To be sure, there is a long and complete 
index wherein one may obtain page numbers de- 
sired, but this procedure is certainly less desir- 
able than having related data assembled under 
one heading. At the basis of this criticism is the 
philosophical argument that, if the book be of- 
fered as substantiating evidence for the yet-un- 
published paleogeographic maps, then the order 
of treatment should be stratigraphic, not geo- 
graphic. 

By far the most extensive notes concerning 
the formations are the lists of fossil names, com- 
piled at the suggestion of P. E. Raymond. These 
lists are supposed to contain the names of guide 
fossils, but in the reviewer’s experience the lists 
do not necessarily refer strictly to guide fossils 
but are more frequently partial synopses of com- 
monly cited species. Most lists seem to have 
been transcribed without many corrections from 
existing publications, although a few original 
lists' are included. Names of brachiopods are 
presumably more accurate than names of mem- 
bers of other classes—four of the foremost stu- 
dents of brachiopods have seen all or part of the 
text. J. B. Knight checked some gastopod lists, 
but the remaining classes presumably were not 
checked. As a result, one may find a trivial 
name referred to different generic names, de- 
pending upon the state of knowledge when the 
copied list was originally published. 

Equivalent portions of the book are not 
treated equally, nor is the same subject matter 
presented for all states; for instance, it is quite 
apparent that more attention has been devoted 
to the chapters on New York and Pennsylvania 
than to those on Illinois and Arkansas. Thisis 
quite natural because the author’s interests 
lately were centered more in the East than else- 
where, but it is to be regretted that all portions 
of the book were not “farmed out”’ by states for 
criticism. Had this been done, it is probable 
that most of the minor errors would have been 
corrected, the subject matter would be more 
equitably balanced than it is, and more valuable 
faunal lists would have resulted. 

The publishers are to be congratulated on an 


*Among the fusulines mentioned is Fusulina 
haworthi, which was emended by Dunbar and Hen- 
best in a publication issued shortly after release of 
Schuchert’s work. Dunbar contributed the data in 
advance of publication of the emendation; therefore, 
the emended species must be credited in synonymies 
to Schuchert (p. 647). 
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excellent job of printing. The type is easily 
read, the abundant italicized material stands 
out clearly, and the use of boldface type at the 
beginnings of the sections facilitates rapid loca- 
tion of stratigraphic groups. Remarkably few 
typographic errors are evident. Lavish use of 
line drawings is made, and the maps are repro- 
duced at scales large enough to be easily read. 


WIiLiiAM H. EAstTon 


“On Earthquake Distribution in New Zealand” 
(with map). By R. C. Hayes. (New Zealand 
Journal of Science and Technology, Vol. 
XXIV [B].) New Zealand, 1943. Pp. 236-38. 

“Earthquake Risk in New Zealand” (with 
map). By J. HENDERSON. (New Zealand 
Journal of Science and Technology, Vol. 
XXIV [B].) New Zealand, 1943. Pp. 195-219. 
Hayes divides New Zealand into four regions 

of which the largest is the central area north and 
south of the strait (Cook Strait) which sepa- 
rates the North and South Islands. This Region 
I, which comprises about half the area of the 
group, is shown to contain the epicenters of all 
the “destructive” and the majority of the 
“non-destructive” earthquakes that have oc- 
curred in historic times. The southern and 
northern extremities of the islands, on the 
other hand, are rarely shaken perceptibly and 
then only by quakes which originate in the 
adjoining region. 

Henderson divides New Zealand for the 
purpose of “‘distribution of earthquake risk” 
into ten districts. District boundaries do not 
agree exactly with ‘“‘region” boundaries as 
shown on Hayes’s map, but, as Hayes points 
out, the latter are drawn after taking into ac- 
count the “widespread effects of large shocks” 
and are not determined merely by the location 
of epicenters. Henderson states also of the 
districts he maps that, though they are defined 
as far as possible on the basis of unity of geo- 
logical structure, the actual boundaries are 
“arbitrary and doubtful.’’ This, however, ‘“‘is 
of little moment, because earthquakes may be 
destructive for a hundred miles or more from 
their places of origin, and a shock centred in 
one region may cause serious damage in an 
adjacent one.” 

Henderson recognizes that New Zealand 
earthquakes are for the most part of tectonic 
origin, but he notes that some are related to 
volcanic activity, while Hayes has reported the 
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occurrence of deep-focus shocks originating at 
depths varying up to 320 kilometers both under 
and to the east of the volcanic district in the 
center of the North Island. In addition to his- 
torical data, Henderson finds the next best 
indication of the occurrence of tectonic earth- 
quakes to be the “surface traces’ of faults— 
features which others have referred to as 
“scarplets” and “earthquake rents.” ‘Since 
the surface trace of a fault will be difficult to 
detect in a few hundred years, those already 
known were probably formed within the his- 
torical period as defined in Europe. Their tale, 
however, is nothing like complete, for even ex- 
perienced geologists may pass them unnoticed. 
In air photographs in unforested country they 
stand out well, and as more and more of New 
Zealand is aerially mapped the number will 
decidedly increase. At present they have been 
recognized chiefly in regions severely shaken 
since European occupation.” 

Each of Henderson’s ten districts is briefly 
described as to topography and culture, and he 
attempts to evaluate the earthquake risk in 
each, though without quantitative apportion- 
ment. He remarks in general that, though “‘the 
risk is widespread,’ some parts of the New 
Zealand region “are known to have been 
shaken more strongly and more often than 
others, and some parts have not been strongly 
moved since the coming of Europeans;’’ but he 
sounds this note of warning: ‘“‘With the present 
incomplete data the degree of liability to 
damage of any particular district cannot be ac- 
curately assessed. No one can tell when the 
next destructive earthquake will occur, where 
its focus will be, or how great will be its energy.” 

In spite of this, however, though “our geol- 
ogy, our landforms, and our history remind us 
that earthquakes are part of our environment,” 
their effects “may be tempered by suitable 
and not too onerous precautions. The risk of 
earthquake damage is more general and wide- 
spread than most people realize but is far less 
than that of motor accidents or of infectious 
diseases. A well-known Australian paper often 
refers to New Zealand as the ‘shivery isles’; 
but the danger to the individual New Zealander 
is of the same order as that of snakes to the 
Australian. .... The relative fewness of strong 
earthquakes, their dramatic suddenness, and 
their devastating effects give them great ‘news 
value.’ ”’ 

Henderson regards Reid’s elastic-rebound 
theory as of general application to tectonic 
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earthquakes, and in support of it he quotes re- 
survey evidence of small lateral movements of 
some trigonometrical stations in badly shaken 
districts. He remarks, however, that ‘tin New 
Zealand most known fault movements that 
break the surface have a principal vertical 
component” and suggests that, “‘as crustal 
movements here seem to have decided vertical 
components, levelling is more likely to give 
results” useful for earthquake prediction “than 
the more costly triangulation.” He fails to 
note that hitherto no evidence has ever been 
produced either from survey leveling or from 
tide-gauge records which would indicate that 
any gradual vertical movements have been in 
progress prior to destructive earthquakes in 
New Zealand—movements, that is to say, of 
such a nature that strips “‘of the blocks on 
both sides of the plane of contact are elastically 
deformed until the strength of the rock at the 
contact is overcome and rupture occurs,” as 
required by the theory. At Napier, for example, 
where the trace of the earthquake fault of 1931 
runs out to sea, and where the vertical dis- 
placement accompanying the shock amounted 
to 6 feet in the vicinity of the fault, it is re- 
markable, as the reviewer has elsewhere noted,! 
that no preliminary gradual uplift some distance 
back from the fault line seems to have taken 
place, giving warning of the approaching 
catastrophe, as the elastic-rebound theory 
requires. 

C. A. Corton 


Minerals in World Affairs. By Tuomas S. 
LOVERING. New York: Prentice-Hall, Inc., 
1943. Pp. ix+394; figs. 40. $4.00. 

The keynote of this excellent text by Thomas 

S. Lovering, professor of economic geology at 

the University of Michigan, is sounded by the 

following paragraph quoted from page 5: 


The aggregate area underlain by mineral de- 
posits of economic importance is only an insignifi- 
cant fraction of 1 per cent of the earth’s surface, and 
the geographic position of the individual deposits is 
fixed by some accident of geology. Since no second 
crop may be expected, rich diverse mineral deposits 
are a nation’s most valuable but ephemeral posses- 
sion—its quick assets. Much of history has been 
made by men who have successively gained wealth 
and power in different countries through the liqui- 
dation of these assets. Because of their evanescent 


*C, A. Cotton, Geomorphology (London: Whit- 
combe & Tombs, 1942), p. 167. 
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character, restricted occurrence, and indispensability 
to industry everywhere, the exploitation of mineral 
deposits engenders many unique problems in na- 
tional and industrial economy. An understanding of 
the geology and economics of minerals and the geo- 
graphic distribution of past and future sources of 
production will enable us better to interpret history 
and will prepare us for the political changes to come, 


As part of chapter i the elements that de- 
termine national power are considered, namely, 
territory, commerce and wealth, military 
strength, and the spirit of the people. This 
section is interesting and well conceived and 
sketches the appropriate background for the 
more specialized chapters that follow. 

Chapter ii treats of the economics of mineral 
industries in general, emphasizing particularly 
their localized distribution, exhaustibility, the 
increased cost of obtaining them with depth, 
and the hazards that particularly characterize 
the mineral industries. Demand and supply, 
cartels, and substitutes also come in for brief 
consideration. 

In most textbooks the discussion of mineral 
resources is limited to the industrial era, but 
Professor Lovering has devoted chapter iii to 
an illuminating discussion of minerals in his- 
tory before the industrial era, featuring particu- 
larly the shifting trade routes between Europe 
and the Orient and their history from the days 
of ancient Egypt to the industrial era. 

Chapter iv is entitled ‘Industrial Era,” 
with regional sections devoted to Great Britain, 
Central Europe, France and Belgium, Russia 
and Austria-Hungary, and the United States. 
The chapter closes with discussions of power 
politics and minerals in relation to the causes of 
conflict. The importance of power from fuels 
not only as a substitute for human muscles but 
in extending the depth of mining operations and 
in making possible for the first time rapid and 
relatively cheap inland transportation by rail is 
pointed out. Although the United States re- 
mained economically a British colony for two 
generations after its political independence, 
subsequent economic progress was rapid, and 
high points in this progress were the territorial 
acquisition of California with its rich gold de- 
posits and the opening of the Sault Ste Marie 
canal in 1855, which first made the Lake Superi- 
or iron ores industrially available. 

The section on “Power Politics” 
summary of the events between the Balkan 
Wars in rg11 and 1913 and the rise of Hitlerism 
in the period following the Treaty of Versailles. 
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There is much of interest in this realistic and 
unimpassioned chapter which closes on a note 
of long-range optimism with the statement that 
“ethical and political ideas cannot be stopped 
by war. Man’s social, political, economic, and 
spiritual relationships will continue to im- 
prove.” 

Chapter v is primarily for the nongeologist 
and sketches with broad strokes the funda- 
mental concepts that lie at the basis of all 
geological reasoning, reminding us again that 
economic geology is only general geology ap- 
plied to useful things. 

Part II, consisting of two chapters, deals 
with the mineral fuels, coal, and petroleum. 
Part III, of seven chapters, deals with iron 
and the ferro-alloy metals. Part IV, compris- 
ing chapters xv—xxi, deals with the nonferrous 
metals. The book closes with an appendix of 
world production tables. 

The way in which the individual mineral 
industries are handled may be illustrated by 
the chapter on iron and steel, which embraces 
the following captions: 


Properties and Uses 

Substitutes 

Technology 

Economics 

Geology 

Distribution of Iron Ore 

Geology of Major Districts (both domestic and 
foreign) 

Commercial and Political Control 

Influence of National Policy 

References (selected) 


Illustrations, though not profuse, are ade- 
quate in number and are especially well selected. 
These include folding maps on Mercator pro- 
jection, showing world distribution of principal 
mineral-producing localities. The general plan 
of presentation is similar to that which the re- 
viewer has used with success at the University 
of Chicago. 

As a textbook adapted to a semester or one- 
quarter course for advanced undergraduates in 
the varied aspects of the mineral industries 
this book is notably superior to any other text 
with which the reviewer is familiar. For the 
mining engineer, the economist, and the geo- 
grapher it will be found to be interesting read- 
ing and a valuable reference. The volume does 
not cover the nonmetallics other than the 
mineral fuels. 

E. S. BASTIN 
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Geomorphology, the Evolution of Landscape. 
By NorMAN E. A. Hinps. New York: Pren- 
tice-Hall, Inc., 1943. Pp. xi+894; pls. 595; 
figs. 184. $5.00. 

In spite of the already voluminous literature 
on geomorphology, Professor Hinds manages 
to give a fresh and stimulating approach to the 
subject. This he accomplishes by the use of 
hundreds of excellent, new photographs. Writ- 
ing for beginners, the author has replaced the 
technical terminology by more easily under- 
stood equivalents. Important terms and phrases 
are emphasized by the use of italics. Both the 
text and the illustrations are cross-referenced. 
At the end of each chapter are listed those 
references which can readily be understood by 
beginning students, while a more complete 
Bibliography of thirty-three pages indexed by 
chapters appears at the end of the book. Of 
interest to teachers is the list of illustrative 
topographic maps at the conclusion of each 
chapter, many of which are recently mapped 
quadrangles. 

Before discussing land-form varieties and 
genesis, the author presents four chapters of 
somewhat miscellaneous but basic concepts 
needed for a proper understanding of geomor- 
phology. These chapters are titled as fol- 
lows: “‘Atmosphere, Hydrosphere and Earth 
Body”’; “Principles of Land-Form Evolution”’; 
“Rocks”; and “‘Reading and Interpretation oi 
Topographic Maps.” Following these, Hinds 
devotes one chapter to “Primary Relief,” an 
equivalent of Chamberlin and Salisbury’s 
first-order features. Two chapters on land 
forms of diastrophic genesis and five chapters 
to those features developed by the erosional 
processes make up the bulk of the book. Set- 
ting the stage for the discussion of erosional 
land forms, the author logically inserts a chapter 
on climate and weathering of rocks. The final 
two chapters are devoted to “Natural Bridges 
and Arches” and “Submarine Trenches and 
Canyons,” which Hinds states “are among the 
most interesting of the smaller features of the 
landscape.” 

The reviewer agrees wholeheartedly with 
the author that “a picture will often make 
clear what the written word does not.” To 
this end, however, the pictorial effect of the 
book could have been greatly enhanced by the 
use of carefully selected photo-stereographic 
pairs. Disappointing is the fact that the book 
has no index to many of the illustrations. 
Omission of a goodly part of the Index and 
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printing the aerial photo on page 525 upside 
down are lamentable errors by the publisher. 
The text is less bulky than may appear from 
the number of pages (905), owing to the abun- 
dance of excellent illustrations (779). The re- 
viewer believes that Professor Hinds’ book may 
serve well as an up-to-date text for elementary 
courses in physiography. 

HERBERT D. HADLEY 


Geology of Kentucky. By ArtHurR C. McFar- 
LAN. Lexington: Department of University 
Extension, University of Kentucky Publica- 
tion, 1943. Pp. xxviii+531; figs. 42; pls. 
117. $4.50. 

The scope of Geology of Kentucky covers 
many fields. The book is divided into six major 
parts—stratigraphy, structural geology, out- 
line of geologic history, regional geology, natural 
and scenic features, and mineral resources. In 
addition, there is an excellent 66-page biblio- 
graphy and separate general and stratigraphic 
indexes. There are 121 excellent photographs 
distributed throughout the text. A very desir- 
able feature is the large number of single-page 
charts and maps and large fold-in type of cor- 
relation charts and index maps within the text. 

The section on stratigraphy is divided into 
ten chapters; the first two outline unexposed 
and exposed formations; the remaining chapters 
treat each geologic system in detail, and many 
pertinent quotations are inserted. The forma- 
tions, correlations, and faunas are well defined. 
The last chapter is devoted to descriptions of 
the igneous rocks. 

A chapter has been assigned to structural 
geology, and one to the outline of Kentucky’s 
geologic history. All major structures have 
been treated individually, and physical descrip- 
tions have been supplemented by various 
workers’ interpretations of the age, mechanics, 
and relationships. The chapter on geologic his- 
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tory is a condensed outline of the history of 
the closing events of the Paleozoic, the uplifts, 
Pleistocene history, Ohio River drainage, ak 
luvium-filled valleys of western Kentucky, and 
deficient trenching in the Blue Grass. 

Regional geology is treated in seven chapters 
dealing with the general description, physiog- 
raphy, and mineral resources of the Blue 
Grass, eastern Kentucky mountains, Mississip- 
pian plateaus, knobs, Western Coal Field, 
Jackson Purchase, and geographic charts. 

The fifth major division deals with the nat- 
ural and scenic features. This section will prove 
one of the most interesting to the layman, as it 
contains admirable discussions of the origin and 
physical features of the Cumberland Gap, nat- 
ral bridges, limestone caves, Kentucky River 
Gorge, Falls of the Ohio, Cumberland Falls, 
Breaks of the Sandy, Reelfoot Lake, New Mad- 
rid earthquake, and so forth. 

The important mineral-resource division o¢- 
cupies 40 per cent of the text, of which more 
than half is allotted to the oil and natural 
gas section. The eight chapters emphasize the 
distribution, occurrence, production statistics, 
and geological factors of coal, oil, and natural 
gas, rock asphalt, oil shale, vein minerals, clay, 
and miscellaneous mineral resources. 

The reduction to single-page size of the 
many topographic sheets has made them un- 
usable for detailed work, but, despite this handi- 
cap, the maps are sufficiently legible for general 
purposes. Footnotes have been eliminated in 
most instances by the use of dated-author refer- 
ences in the text, thus making it necessary for 
the reader to refer to the large bibliography. 
This form may not be considered objectionable 
by many readers, as it is adopted by many sci- 
entific periodicals. 

Geology of Kentucky is well printed and well 
bound and makes an excellent appearance. It 
is a worthy successor to A. H. Miller’s Geology 
of Kentucky (1919), long out of print. 


FRANK V. STEVENSON 
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